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“Environmental seasonality...a basic component of the eco-
system within which our ancestors evolved... left its mark
indelibly upon the makeup of our biology and our behaviour.”
(Johnston, 1993)
“the ability to perceive changes in daylength indicated by
changes in the duration of melatonin secretion...is the only
essential function attributable to melatonin in mammals to
date.”
(Arendt, 2000)
I. INTRODUCTION
Seasonal phenotypes in behavior and physiology are
legion; many reﬂect adaptations to matching environ-
mental periodicities and presumably have their highest
ﬁtness in the seasons in which they occur (Brakeﬁeld,
1996). The imprimatur of seasonality is appropriately
conferred only on traits that recur during a relatively
limited time in the same months in successive years.
Peaks or troughs that occur at divergent times of the
year during successive cycles do not deﬁne seasonal
rhythms; nor can seasonality be inferred or distin-
guished from mere synchrony when only a single cycle
has been tracked. Strong seasonality generally implies
interanimal synchrony within a population, but the
converse is not necessarily true (Di Bitetti and Janson,
2000).
Pronounced seasonal variations in day length, tem-
perature, and humidity derive from the yearly orbit
of Earth about the Sun. The amount and intensity
of solar radiation varies with latitude; the greater the
distance from the equator, the more pronounced the
interseasonal differences in ambient temperature and
solar radiation. Plant growth, which is also affected by
other abiotic factors such as seasonal winds and pat-
terns of rain and snowfall determines food availability
and reproduction in herbivores and, consequently, in
carnivores.
The climatological shaping of animal structure and
function is rarely considered in analyses of mammalian
neuroendocrinology; this is not a minor limitation,
considering that “the seasonal... change in tempera- Au: please
provide
page for
quotation
ture over North America from winter to summer is
far greater than glacial-interglacial changes in mean
annual temperature of the Pleistocene” (Potts, 1998).
Nonclimatological factors also contribute to the evo-
lution of seasonality, not least in humans, in which
social customs, religious practices, and legal regula-
tions account for some seasonal rhythms (Farrell and
Pease, 1994; Brewis et al., 1996)—the reliable increase
in births in the United States during the last week of
December, for example, reﬂects a year-end surge in
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induced deliveries implemented for convenience and
increased tax rebates (Dickert-Conlin and Chandra,
1999).
The approach taken in this chapter is selective rather
than inclusive. Because the subject has been well
reviewed previously, we do not consider formal mod-
els of photoperiodism. We also do not consider the
literatures on nonmammalian vertebrates and inverte-
brates, each of which informs analyses of mammalian
seasonality.Nordowe,exceptincidentally,considerthe
extensive literature on endocrine changes unrelated to
behavior. The emphasis on reproductive rhythms and
rodents reﬂects our own research interests; it is not
intended to diminish the importance of nonreproduc-
tive rhythms in the overall economy of mammals or
the signiﬁcance of other mammalian orders. Where in-
formation is available, conclusions derived from the
consideration of reproduction generalize well to non-
reproductive traits.
II. EVOLUTION OF SEASONAL
RHYTHMS—ECOLOGICAL AND
ENERGETIC RELATIONS
Successful reproduction is profoundly inﬂuenced by
food availability. Distances traveled, ambient tempera-
tures experienced, predators encountered, and quality
and quantity of food located during above-ground for-
aging by mammals presumably determine whether or
not reproduction will succeed or fail (Bronson, 1989).
Natural selection is thought to favor individual females
who produce offspring coincident with an abundance
of high-quality food (Fig. 1A). The latter stage of lacta- Fig. 1
tion is an extreme energetic bottleneck for small mam-
malsandthetimeofweaningacorrespondingchallenge
for large mammals (Bronson, 1985).
Animals resident in highly seasonal environments
with short growing seasons are more likely to evolve
seasonal phenotypes than conspeciﬁcs whose niches
provide more evenly distributed food resources
throughout the year. Food generalists that exploit di-
verse diets tend to be less subject to seasonal pres-
suresthanspecialistsreliantonafewseasonallyvariable
foods.
Small mammals have higher metabolic rates, higher
costs of thermoregulation, reduced fat stores with
which to bridge intervals of food scarcity, and shorter
life spans than do larger animals. They tend to breed
moreopportunisticallythanlargerspecies,withgreater
year-to-year and locale-to-locale variability. Although
seasonal timing of food availability is usually reason-
ably constant from year to year, animals that rigidly
commit to reproduction at a speciﬁed calendar date
regardless of local temperature variations, time of the
ﬁrst frost, or snow melt are disadvantaged (Lee and
Gorman, 2000). Because day length is by far the most
accuratepredictorofphaseinthegeophysicalcycleand
is sufﬁcient to synchronize most seasonal rhythms, it is
often overlooked that mammalian reproduction in the
wild is typically controlled by multiple cues (Bronson,
1989). The neglect of interactions among the several
proximate determinants of seasonal rhythms is a se-
rious shortcoming in all but a handful of laboratory
investigations.
The period during which mating and conception oc-
curisoftenremotefromthetimeofpeakfoodavailabil-
ity,particularlyinmammalswithgestationsthatendure
for 3 or more months. In such species, individuals that
evolvearestrictedmatingseasonmaybegreatlyadvan-
taged over those that mate indiscriminately at any time
of year. Despite the plausibility of this argument, very
few empirical studies have documented disadvantages
of out-of-season breeding (e.g., Di Bitetti and Janson,
2000).
Thedegreetowhichreproductionisconstrainedsea-
sonally must also depend on the extent to which the
decrease in offspring production imposed by seasonal
reproductive quiescence is countered by the enhanced
survival of young born in times of plenty. The strain
on females that undertake unsuccessful reproduction
presumably decreases their subsequent ﬁtness. Gesta-
tion length, the interval between successive concep-
tions, and investment in individual offspring are also
relevant(Kiltie,1988).Seasonalbreedingmaybeaban-
doned or relaxed in animals that are approaching the
ends of their lives; their residual reproductive value is
reduced (Kiltie, 1988), and they presumably have less
to lose by out-of-season breeding.
Interannual variability in food availability and costs
of reproduction may favor animals that breed at differ-
enttimesofyear,therebyaccountingforthepersistence
of different seasonal morphs in a single population or
litter (cf. Kiltie, 1988).P1: FJS
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FIGURE1 A.TimingofbirthsamongSoaysheepontheislandofSt.Kildainrelation
to availability and digestibility of food. Births are restricted to a period early enough for
the ewe and lambs to capitalize on abundant food of the spring pasture. From Lincoln
and Short (1980). B. Seasonal reproduction in wild-caught female cloud-forest mice
(Peromyscus nudipes) in relation to rainfall. Open bars, females with evidence of recent
corporea lutea; hatched bars, females with implanted embryos; dark bars, lactating
females. The dotted line indicates seasonal changes in rainfall. From Heideman and
Bronson (1992); Heideman et al. (1992).
These views of seasonality emphasize post hoc adap-
tive scenarios of considerable surface plausibility, but
sufferfromtheliabilitythat,inprinciple,itisimpossible
todirectlymeasurenaturalselectioninthepast(Sinervo
and Basolo, 1996). The adaptive hypothesis approach
has been justly criticized because it stops short of di-
rect ﬁeld validation (Huey and Berrigan, 1996) and
assumes, perhaps unjustiﬁably, that physiological ad-
justments to the immediate environment must increase
ﬁtness. In so doing, this approach ignores the caution
that natural selection yields adequacy, not perfection
(Bartholemew, 1987). A given seasonal phenotype can
reﬂect random drift, factors other than natural selec-
tion, and adaptation to past rather than present envi-
ronmental conditions (Huey and Berrigan, 1996).
Some of these issues are illustrated by a study of
cloud-forest mice (Peromyscus nudipes) in Costa Rica.
Adult females produce no offspring during the 4- to
5-month dry season (December–March; Fig. 1B), but
do mate and ovulate during this time; their embryos
either fail to implant successfully or are absorbed
postimplantation (Heideman and Bronson, 1992).
Year-roundbreeding,concurrentwithstrikingseasonal
production of young, even if a relatively rare pattern
among mammals, nevertheless challenges the notion
thatovulationandearlypregnancyareenergeticallyex-
pensive and to be avoided. Year-round ovulation may
beavestigialpatterninthisspecies,previouslyeffective
in a different environment and en route to elimination
in the current setting.P1: FJS
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III. CLASSIFICATION OF
SEASONAL RHYTHMS
Three forms of seasonal rhythms have been distin-
guished (Zucker etal., 1991). Type I rhythms, although
based on an endogenous interval timer, do not persist
for more than a single cycle in the absence of envi-
ronmental resetting, which usually is accomplished
by seasonal changes in day length (Fig. 2A). Common Fig. 2
among many short-lived temperate and boreal mam-
mals,thismaybetheancestralformofmammaliansea-
sonality from which Type II rhythms evolved (Farner,
1985). Type II rhythms are fully endogenous and
persist for two or more cycles even when day length,
temperature, humidity, and food availability are held
constant throughout the year (Fig. 2B) (Pengelley and
Asmundson, 1974; Gwinner, 1986). These circannual
rhythms are characteristic of long-lived mammals from
several orders, including primates, bats, carnivores,
ungulates, and rodents; the period of Type I rhythms
is usually shorter than 12 months and generated by
endogenous oscillators that have eluded localization
(Zucker, 2001). Both Type I and II rhythms are en-
trainedtoaperiodof12monthsbytheseasonalchange
in day length. Syrian hamsters (Mesocricetus auratus)
and golden-mantled ground squirrels (Spermophilus
lateralis) are the most thoroughly studied species with
Type I and II rhythms, respectively.
Type III rhythms (Zucker et al., 1991), which have
been neglected by chronobiologists, are based on a
strict stimulus–response system. Typically, environ-
mental signals present at a particular time of year con-
trol effector systems with little or no modulation from
time-keeping mechanisms (Fig. 2C). Allergic reactions
triggered by airborne vectors that induce runny noses
andredeyesduringthehayfeverseasonexemplifysuch
rhythms (von Mutius, 2000).
A. Brief History of Photoperiodism Research
Harduponthediscoveryofphotoperiodisminplants
and birds in the 1920s, both rodents and carnivores
werereportedtocontrolseasonalreproductionbymea-
suring day length. Not until the 1970s, however, was
the circadian basis of photoperiodic time measure-
ment established for mammals (reviewed in Elliott and
Goldman,1981).Resonanceandinterruptednightpro-
tocolsdocumentedthatrodentsdiscriminatelongfrom
short days without reference to an hourglass mecha-
nism that measures the duration of the light or dark
phases; nor is the ratio of light to darkness (LD) of
signiﬁcance (Elliott et al., 1972). Two 10-minute light
pulses,positionedtosimulateduskanddawnonadaily
basis for several weeks, replicate many of the stimula-
tory effects of 14-hour day lengths on the reproductive
system (Milette and Turek, 1986); by contrast, a reg-
imen of 10 hr uninterrupted light each day induces
complete gonadal involution (Hoffmann, 1982). Such
ﬁndings yielded the insight that timing rather than du-
ration of light was paramount. Implication of the circa-
diansystemwasfollowedbytheformulationofexternal
and internal coincidence models for photoperiodism
(Pittendrigh,1974).Theﬁrstofthesespeciﬁesthatlight
entrains a circadian rhythm of photosensitivity and in-
duces a photoperiodic response when the daily light
signal coincides with the hypothesized photosensitive
phase; this only occurs at certain times of year, within a
speciﬁedrangeofdaylengths.Theinternalcoincidence
model posits that the sole role of seasonal changes in
day length is to alter patterns of entrainment of two
separate circadian oscillators whose phase relation de-
termines whether a long- or short-day response occurs
(Follett et al., 1981).
The circadian basis of photoperiodic time measure-
ment has been conﬁrmed and extended in studies of
tau mutant Syrian hamsters. Unlike wild-type ham-
sters, whose free-running circadian period in constant
darkness is approximately 24.1 hr, hamsters homozy-
gous for the tau mutation have free-running circadian
periods of approximately 20 hr and fail to undergo go-
nadal regression in 24-hr day lengths even when the
photophase is as short as 1 hr (Menaker and Reﬁnetti,
1993). Regression does ensue in tau mutants main-
tained on 20-hr days and provided with photophases
between 10 and 11.5 hr; in circadian hours this value
is proportionately similar to the minimum day length
of 12.5 hr required to induce gonadal collapse in wild-
type hamsters (Stirland et al., 1996).
B. Type I Rhythms: Some Day Lengths
Are More Important than Others
Many temperate-zone female rodents restrict repro-
duction to the months of April–August, during whichP1: FJS
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FIGURE 2 Schematic representation of seasonal rhythms. A. Type I (mixed) rhythms
involveexogenous(photoperiod)andendogenous(intervaltimer)components.Decreasing
day lengths: (1) initiate gonadal regression in the late summer and (2) trigger an interval
timer that eventually renders animals refractory to short days 20 weeks later, leading to
gonadal recrudescence. Exposure to long day lengths in the spring and summer breaks
refractoriness and resensitizes the neuroendocrine axis to short days. B. Type II (circannual)
rhythms are entirely endogenous and typically have a period less than 12 months. Seasonal
changes in day length synchronize Type II rhythms to a period of exactly 1 year. C. Type III
rhythms are entirely exogenous and driven by environmental stimuli.P1: FJS
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they produce one or more litters. The seasonal rhythm
for such long-day breeders can be replicated by expos-
inganimalstonaturalphotocycles,evenasallotherfac-
torsareheldconstantthroughouttheyear.Forsexually
mature individuals, the decreasing day lengths of mid-
to late summer trigger the onset of gonadal involution,
eventuallyeliminatingspermatogenesis,ovulation,and
mating behavior. Reproductive quiescence endures for
5 months, yielding in mid-winter to gonadal recrudes-
cence; approximately 6 weeks later animals mate.
1. Induction of Refractoriness to Short
Day Lengths and Its Termination
by Long Day Lengths
Late-winter to early-spring gonadal recrudescence
reﬂects the development of refractoriness to short day
lengths and is independent from the small increases
in day length between the winter solstice and the re-
sumption of gonadal growth in early February. Thus,
hamsters transferred from long to short days and held
in the reduced photoperiod thereafter undergo go-
nadal recrudescence at the same time as hamsters ex-
posed from late December through early March to
increasing simulated natural photoperiods (Gorman
and Zucker, 1995). Mid-winter gonadal rejuvenation
is termed spontaneous recrudescence because it occurs
in the absence of long day lengths; it deﬁnes the onset
of the refractory state in which reproduction no longer
depends on the presence of long day lengths (Fig. 2A).
Synchrony in timing of gonadal recrudescence is quite
precise in hamsters held in ﬁxed short day lengths
(Hoffmann, 1979). An interval timer, triggered by the
ﬁrst few weeks of short day lengths, mediates the de-
velopment of refractoriness (Prendergast et al., 2000),
which persists until animals are exposed for several
weekstotheincreasingorabsolutelylongdaylengthsof
spring and summer. The long photoperiods that break
refractoriness to short day lengths permit overwintered
animals to undergo a second gonadal regression when
day lengths again decrease in late summer. The forego-
ing description applies to virtually all Type I photoperi-
odictraits,includingseasonalchangesinlocomotorac-
tivity, body mass, pelage molts, and thermoregulatory
adaptations (e.g., Ellis and Turek, 1983; Wade et al.,
1986).
Todatealllong-dayphotoperiodicrodentspeciesde-
veloprefractorinesstoshortdaylengths,andthewinter
state cannot be maintained indeﬁnitely. Refractoriness
is almost surely neurally mediated and not dependent
on feedback from peripheral structures (e.g., Watson-
Whitmyre and Stetson, 1988). In contrast, most long-
day species can sustain the summer phenotype indef-
initely when housed continuously in an unchanging
long photoperiod. The summer phenotype appears to
be the default condition.
2. Critical Day Lengths
In an inﬂuential study, Elliott (1974) transferred
groups of male Syrian hamsters from 14 hr light/day
(14L) to photoperiods that provided from 24 to
0 hr/light per day. The transition from 14L to shorter
or longer days, accomplished in a single day, estab-
lished 12.5 hr as the critical day length for testicular re-
gression; day lengths shorter than this value promoted
gonadal regression and those longer than it sustained
reproduction (Fig. 3). The critical day length varies be- Fig. 3
tween species and intraspeciﬁcally as a function of lat-
itude of origin (Dark et al., 1983a; Heath and Lynch,
1982); individual traits in a single animal can have dif-
ferent critical day lengths (Duncan et al., 1985).
The conception of the critical day length as a ﬁxed
value above and below which traits adopt the summer
and winter phenotypes, requires revision; it does not
accommodate observations that an animal’s photoperi-
odic history determines how it responds to a particular
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FIGURE 3 Testicular responses of Syrian hamsters after ex-
posure to different ﬁxed photoperiods for 85–96 days. Only
photoperiods that provided 12.5 hr light/day resulted in main-
tenance of large, functional testes; the critical day length in this
species lies between 12L and 12.5L. [From Elliott (1976).]P1: FJS
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day length (Duncan etal., 1985; Darrow and Goldman,
1985; Hoffmann et al., 1986), nor does it explain the
different rates of gonadal involution among animals
housed in different short day lengths shorter than the
critical day length (Donham et al., 1994; Niklowitz
et al., 1994; Powers et al., 1997) or the more rapid
gonadal growth in Siberian hamsters transferred from
8hrlight/daytoeither16or14hrdays(Niklowitzetal.,
1994). In its simple form, the critical day length con-
cept is incompatible with the observation that Syrian
hamsters that receive daily subcutaneous infusions of
melatonin for 12 or 8.5 hr/day, each in fusion sched-
ule representing a different day length below the criti-
cal value, undergo gonadal regression at different rates
(Powers et al., 1997).
Critical day length values were originally established
with an unnatural protocol. Typically, animals housed
for the preceding months in a constant day length were
abruptly transferred to a second constant photoperiod
that was 4 or 6 hours shorter or longer (e.g., from a
16L to a 10L photophase). These conditions bear lit-
tle resemblance to the continuous and gradual changes
in day length experienced by nonequatorial mammals
in nature, where the daily light fraction changes by
at most 5–6 minutes per day. The simpliﬁed pho-
toperiodic regimens used in laboratory studies discard
the predictive information inherent in natural photo-
cycles and the verisimilitude of neuroendocrine rela-
tionselaboratedwithsuchprotocolsisquestionable.In
fact, interindividual synchrony in testicular regression
is reduced in Syrian hamsters presented with gradual
rather than abrupt changes in day length (Heideman
and Bronson, 1993), and the range of day lengths
that affects reproduction in Siberian hamsters is sig-
niﬁcantly extended when transitions are gradual rather
than abrupt (Gorman and Zucker, 1995; Rivkees et al.,
1988). Shorter but increasing day lengths accelerate
somatic and gonadal growth compared to ﬁxed day
lengths of absolutely longer duration. None of these
results is accommodated by critical day length mod-
els that posit equivalence of all day lengths on either
sideofthethresholdvalue(GormanandZucker,1998).
The pattern of change in day length codes information
that animals abstract to phase seasonal traits; in some
instances changes in day length are more salient than
the absolute length of the day (Nicholls et al., 1988;
Gorman and Zucker, 1998). A second difﬁculty is that
the standard housing conditions for nocturnal rodents
lack a dark nest box to which animals can retreat dur-
ing the daylight hours. Hamsters provided with such
refuges have later activity onsets and earlier offsets and
overall abbreviated active periods (Boulos et al., 1996).
The extent to which housing conditions affect the gen-
eration of critical day lengths and photoperiodic time
measurement remain to be explored. The critical day
length concept, as generally employed, refers to a sin-
gle value at which a trait reverts from the summer to
the winter phenotype, or vice versa, under conditions
of thermoneutrality, access to unlimited free food, ab-
sence of conspeciﬁcs, and other salient conditions that
prevail in nature. Although useful as an analytic tool,
its value in the exegesis of seasonality in photoperiodic
rodents has been overemphasized.
3. Puberty
Animalsbornatthebeginningofthebreedingseason
facedifferentenvironmentalchallengesthanthoseborn
several months later. In temperate latitudes, rodents
weaned in May encounter relatively plentiful food;
thosebornattheendofthebreedingseason,circamid-
September, are less fortunate and also contend with
lower ambient temperatures. Rates of somatic and re-
productive development differ markedly in beginning-
vs end-of-season cohorts—rapid somatic growth and
puberty by 1.5 months of age are the rule for early-
born offspring of several species (Worth et al., 1973;
Lincoln and MacKinnon, 1976), whereas those born
laterforgoreproductionintheseasonofbirth,overwin-
ter, and ﬁrst attain reproductive competence and adult
bodymassatapproximately6monthsofage.Variations
in day length proximately control timing of puberty—
rodents provisioned with excess food and exposed to
increasing or absolutely long day lengths undergo ac-
celerated reproductive and somatic development com-
pared to those housed in decreasing or absolutely short
photoperiods. After approximately 4 months of expo-
sure to short day lengths, young voles and hamsters,
in common with their elders, develop refractoriness to
short days and undergo spontaneous gonadal develop-
ment and body mass increases. The subset of individ-
uals born several weeks after the summer solstice does
not breed in the summer or fall, but instead forms the
main breeding nucleus the following spring. Individ-
uals born before the summer solstice generally do notP1: FJS
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survive for more than a single breeding season (Sadleir,
1969).
4. Sexual Behavior and Physiology
Mating can place animals at increased risk from pre-
dation; males of some species also incur heavy costs
in establishing and defending territories. According to
adaptationist dogma, a species with a short gestation
should prudently curtail mating with the approach of
winter. Because copulation in most mammals is strictly
tied to gonadal hormones, this end could be achieved
by a reduction in hormone secretion several weeks be-
fore conditions become unfavorable for offspring sur-
vival. Alternatively, substrates that mediate mating ac-
tivity could become unresponsive to steroid hormones
several weeks before the decline of gonadal steroido-
genesis eliminates copulatory behavior. There is little
indication that a steroid-independent decrease in mo-
tivation to mate contributes to seasonal reproductive
quiescence. In principle, only one sex need terminate
reproductiveactivitytopreventout-of-seasonbreeding.
a) Males Mating behavior declines in Syrian ham-
sters transferred from long to short days (Morin and
Zucker, 1978; Campbell et al., 1978). Male hamsters
undergo gonadal regression after 6–10 weeks of ex-
posure to short photoperiods; gonadal production of
testosterone (T) declines precipitously over this inter-
val (Reiter, 1980). Deﬁcits in male sexual behavior are
apparent after several weeks of exposure to short days,
evidenced by a reduction in the number of intromis-
sions and ejaculations (Powers et al., 1989). Ejacula-
tions were eliminated in almost all males after 9 weeks
ofshort-dayexposure,ascomparedtoa3-weeklatency
to eliminate this behavior in males that were surgi-
cally castrated. The difference is attributable to gradual
vs abrupt withdrawal of gonadal steroids (Morin and
Zucker, 1978). Castrated hamsters held in short days
for 17 weeks copulated much less than their long-day
counterparts during replacement therapy with testos-
terone (Fig. 4A). Reduced behavioral responsiveness Fig. 4
to testosterone in short-day males contrasts with in-
creased responsiveness of gonadotropin secretion to
feedback inhibition by testosterone (reviewed in Turek
and van Cauter, 1994). Short-day behavioral deﬁcits
were no longer detectable by week 19, presumably be-
cause the neural substrates that mediate male copula-
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FIGURE 4 Short day lengths decrease responsiveness to hor-
mones in Syrian hamsters. A. Incidences of mounting, intro-
mission, and ejaculation in castrated males bearing testosterone
implants.Hamstersweretreatedwithtestosteroneafter12weeks
in either long (open bars) or short (dark bars) day lengths, and
behavior was assessed 5 weeks later. [From Morin and Zucker
(1978),reproducedbypermissionoftheSocietyforEndocrinol-
ogy.] B. Incidences of lordosis in ovariectomized females bearing
implants of 25% or 50% estradiol (E) and in females implanted
with 50% E and injected with 0.25 mg progesterone (P). Im-
plants of E were less effective in short- than in long-day females.
Treatment with E+P restored lordosis equally well in both day
lengths.[FromBaduraetal.(1987).Physiol.Behav.40,551–554,
copyright 1987, with permission of Elsevier Science.]
tionbecamerefractorytoshortdays(MorinandZucker,
1978). Honrado et al. (1991) noted that sex behavior
of short-day males recovered to long-day values sev-
eralweeksinadvanceoffullrecoveryofspermatogene-
sis. Behavioral differences attributable to day length areP1: FJS
PB134D-19 PB134A/Pfaff # VOLUME TWO January 31, 2002 21:18 Char Count= 0
19. Mammalian Seasonal Rhythms 101
more pronounced as testosterone concentrations de-
cline (Pospichal et al., 1991); short photoperiods may
elevate thresholds for hormonal activation of copula-
tion. The conclusions derived from the foregoing re-
placement studies can be questioned on the grounds
thattheseregimensdeliverhormonescontinuouslyand
fail to replicate the episodic pattern of testicular andro-
gen secretion.
It is hardly surprising that reductions in gonadal
steroidogenesis in short day lengths are accompanied
by deﬁcits in sex behavior. But changes in behavior
are not simply a result of declining concentrations of
circulating steroids. After exposure to short days for
15 weeks, male Syrian hamsters intromitted and ejacu-
lated much less than did long-day hamsters; castrated
short-day males bearing T implants were as likely as
long-day hamsters to achieve intromissions and ejac-
ulations, but the several components of the sexual
repertoire that were still impaired in these individu-
als included latency to ﬁrst intromission, number of
intromissionsimmediatelyprecedingejaculation,inter-
intromission interval, and overall copulatory efﬁciency
(Powers et al., 1989). In agreement with earlier studies
(Morin and Zucker, 1978), short day lengths appar-
ently reduce the responsiveness to hormones in neural
substrates that activate copulatory behavior.
Part of the decline of mating in short-day male ham-
sters may be caused by altered perception or reduced
attention to vaginal chemoattractants (Miernicki et al.,
1990), but in some studies, investigation of estrous
females was greater in short- than in long-day males
(Honrado et al., 1991). The authors argued that this
change in short days is a consequence not a cause of
the decline in male copulation; that is, estrous females
that contend with sexually indifferent short-day males
apparentlyincreasesolicitationbehavior,therebyelicit-
ing more investigation by males. The discrepancy may
be procedural because the two studies employed differ-
ent measures of male proceptivity.
Social stimuli interact with seasonal changes in day
length to inﬂuence gonadal status. In short-day deer
mice (Peromyscus maniculatus) the growth of the testes
and seminal vesicles, indicators of increased androgen
secretion, was stimulated by the presence of a long-
day female in each male’s cage (Whitsett and Lawton,
1982). The trophic effect of long-day females fell short
ofthatproducedbyexposingmalestolongdaylengths.
The recovery of sexual behavior in short-days was also
accelerated in male Syrian hamsters that were provided
with opportunities to interact with long-day females
(Honrado and Fleming, 1996). Three weeks of direct
access to a female was more effective than distal visual
or auditory cues or volatile pheromones from estrous
females. Testicular regression was ameliorated in
Siberian hamsters transferred to short days in tan-
dem with summer-phenotype females (Hegstrom and
Breedlove,1999b).Cuesfromestrousfemalesaremore
likely to override effects of short day lengths by di-
rect stimulation of gonadotropin-releasing hormone
(GnRH) and gonadotropin secretion pathways than
by interfering with melatonin secretion or photoperi-
odism.GnRHneuronsthatareinhibitedbylongnightly
melatonin signals presumably are stimulated by cues
from females. The extent to which interactions with
estrous females prevent males in the ﬁeld from under-
going gonadal involution as the end of the breeding
season approaches is unknown.
In many behavioral studies, rodents are provided
withactivitywheelsthattheyuseavidly.Notwithstand-
ing the lack of agreement on which natural behavioral
analogs, if any, are tapped by wheel-running activity
(Mather, 1981; Sherwin, 1998), this behavior interacts
with day length to control reproduction. Testicular re-
gression in short days was delayed in Syrian hamsters
given access to running wheels (Elliott, 1974); among
meadowvoleswithphotoregressedgonads,malesgiven
activity wheels recovered reproductive function much
morerapidlythanthosenotsoprovisioned(Kerbeshian
and Bronson, 1996). Although wheel-running activity
overrides the inhibitory effects of short day lengths,
it is ineffective in countering reproductive suppres-
sion induced by pheromones in house mice or testos-
terone treatment in laboratory rats (Kerbeshian et al.,
1994). The neuroendocrine pathway by which day
length and melatonin (see later) restrain androgen se-
cretion appears particularly susceptible to masking in-
ﬂuences from other stimuli that impinge on the GnRH-
gonadotropin axis.
An intact pineal gland is essential for the inhibition
ofsexualbehaviorinshortdaylengths(Miernickietal.,
1990). Male Syrian hamsters housed in short or long
daysfor2weekspriortocastrationalldevelopedcopu-
latorydeﬁcits,butthisoccurredlessrapidlyinpinealec-
tomizedanimals.Conversely,sexbehaviorwasrestoredP1: FJS
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morerapidlyinpinealectomizedthanpineal-intactcas-
trates treated with testosterone. Pinealectomized male–
female pairs of Syrian hamsters, unlike intact controls,
produced offspring during the winter months when
housed in a natural photocyle (Reiter, 1974), again
pointing to the essential role of the pineal gland in
transducing the effects of short day lengths on the re-
productive axis.
The activation of male sex behavior in Syrian ham-
stersinvolvestheconversionoftestosteronetoestradiol
via aromatization in neural tissue (Wood, 1996). Aro-
matase activity in the preoptic area was not affected by
day length or castration, but was decreased in the an-
terior hypothalamus of short-day males and may con-
tribute to behavioral deﬁcits (Hutchison et al., 1991).
Callard et al. (1986) previously documented decreased
aromatase activity in the whole hypothalamus of both
intact and castrated males housed in short days; an-
drostenedione and testosterone replacement therapy in
castrates not only were associated with lowered aro-
matase activity, but also induced fewer estradiol recep-
tors in short than long days. The suggestion that aro-
matase activity is an important rate-limiting step that
determines the number of estrogen receptors in dien-
cephalic tissues is a plausible mechanism by which
changes in day length control androgen-dependent
processes.
Low ambient temperature does not by itself induce
winterresponsesinsomephotoperiodicrodents;Syrian
hamsters held at 5◦C in long days maintain the typi-
cal summer reproductive phenotype (Desjardins and
Lopez, 1980). In conjunction with shorter day lengths,
however, decreases in ambient temperature markedly
accelerate the appearance of the winter phenotype in
severalhamsterspecies(Pevetetal.,1989;Steinlechner
etal.,1991;Ruf,1993;Stieglitzetal.,1994;Larkinetal.,
2001) and in deer mice (Millar and Gyug, 1981);
highambienttemperaturescandelaytheappearanceof
short-day gonadal responses (Li et al., 1987). The day
length at which testicular regression occurs in Siberian
hamstersis2hourslongerat5◦ thanat22◦C(∼15hrvs
13 hr) (Steinlechner etal., 1991). At a latitude of 50◦N,
well within the home range of this species, a 2-hr in-
crease in the critical day length accelerates gonadal
regression by approximately 5 weeks at the lower tem-
perature (Steinlechner et al., 1991). We are unaware
of studies of mating behavior of photoperiodic rodents
under conditions of elevated or reduced ambient tem-
perature. It also remains unknown whether modula-
tory effects of temperature on reproductive behavior
aremediatedexclusivelybychangesinsteroidhormone
secretion.
b) Females Female Syrian hamsters cease to un-
dergo estrous cycles and are rendered anovulatory
within 6 weeks of transfer from long to short days
(Reiter et al., 1977; Seegal and Goldman, 1975). They
also cease to display lordosis behavior (Badura and
Nunez, 1989); recovery of behavioral receptivity dur-
ingprolongedmaintenanceinshortdaysoccursseveral
weeks before physiological measures of reproductive
competence are restored to long-day values (Honrado
et al., 1991). In Siberian hamsters, estrous cyclicity is
eliminated for 20 weeks beginning after 7 weeks of
short-day exposure; full recovery occurs many weeks
later (Schlatt et al., 1993).
Shortdaylengthsreducedbehavioralresponsiveness
to estradiol and progesterone in female Syrian ham-
sters(ElliottandNunez,1992;KarpandPowers,1993;
Bittman et al., 1990; Honrado et al., 1991; Badura and
Nunez,1989;Mangelsetal.,1998).Thiseffectwasonly
observed at relatively low doses of estradiol (Badura
et al., 1987; Karp and Powers, 1993). In one instance,
sexual receptivity was attenuated in response to treat-
ment with estradiol but not to estradiol followed by
progesterone (Fig. 4B) (Badura et al., 1987). Hormone
replacement studies suggest that substrate responsive-
ness to steroids is reduced but not eliminated in short
day lengths and may reﬂect an elevation of the thresh-
old for the activation of speciﬁc behavioral compo-
nents (Morin and Zucker, 1978). By simultaneously
suppressing hormone secretion and decreasing the
responsiveness of target tissues to hormones, short
photoperiods appear to activate parallel mechanisms,
thus ensuring seasonal reproductive quiescence. The
restoration of behavioral responsiveness to estradiol in
short-day females follows a time course similar to that
for the recovery of behavioral responsiveness to testos-
terone in males (Morin and Zucker, 1978).
Diminished responsiveness to low doses of estradiol
has also been documented in acutely ovariectomized
ewes; decreases in estrous behavior did not precede the
end of other reproductive functions and were not the
primary proximate cause of reproductive quiescenceP1: FJS
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(Goodman et al., 1981). Whether behavioral changes
precede, follow, or occur concurrently with changes
in ovulation is not known for many photoperiodic
species.
There is disagreement about whether photoperiodic
inhibition of female sex behavior in Syrian hamsters
is mediated by the pineal gland. Karp and Powers
(1993) implicated the pineal gland, whereas Badura
and Nunez (1989) did not. In the former study, fe-
maleswerepinealectomizedmanyweeksbeforesteroid
hormone treatments were initiated; only 2 weeks in-
tervened between pinealectomy and initial hormone
treatment in the experiment of Badura and Nunez. The
residual effects of pineal hormones can persist for as
long as 1 month (Ruby et al., 1989), perhaps account-
ing for the diminished responsiveness to steroid hor-
mones in the recently pinealectomized females and the
complete restoration of behavioral responsiveness in
the long-term pinealectomized animals. Pinealectomy
acceleratedtheresumptionofestrouscyclesinanestrus
Siberian hamsters housed in short days (Schlatt et al.,
1993). Additional evidence that the pineal gland me-
diates the effects of day length on sociosexual behavior
was provided in a study of intrasexual aggressive be-
havior of female hamsters (Fleming et al., 1989).
Reduced behavioral responsiveness to estradiol in
short-day female hamsters is accompanied by reduced
estrogen receptor immunoreactivity (ER-ir) in the me-
dial preoptic area (MPOA) and by an increase in the
number of ER-ir cells in part of the medial nucleus
of the amygdala. The induction of progesterone recep-
tors by estradiol is signiﬁcantly reduced in the ventro-
medial nucleus of the hypothalamus (Mangels et al.,
1998), a critical target tissue for induction of lordosis
by hormones (Pleim et al., 1990). An earlier less re-
ﬁned analysis did not detect photoperiodic differences
in the concentration of nuclear estrogen or cytoplasmic
progesterone receptors in a single block of tissue that
contained the hypothalamus and preoptic area (POA)
(Bittman et al., 1990).
Insomerodentsandungulates,daylengthmayaffect
female fecundity indirectly, via changes in male physi-
ology and behavior. Weanling female Peromyscus caged
together with adult males in short days sustained
greater uterine weights than singly housed females
(Garcia and Whitsett, 1983). Seasonally anovulatory
goatsovulated,displayedestrousbehavior,andbecame
pregnant in the ﬁrst 11 days after exposure to sexually
active males. Female sexual responsiveness appeared
to be retained year-round in this species, and insufﬁ-
cient stimulation from males accounted for the failure
to reproduce during the nonbreeding season (Flores
et al., 2000). This is another instance in which mask-
ing effects of pheromones and the behavior of one sex
may override the inhibitory effects of short day lengths
on the other sex (reviewed by Walkden-Brown et al.,
1999).
Almost all female meadow voles (Microtus pennsyl-
vanicus) are pregnant during the summer, but fewer
than 50% are pregnant during the winter (reviewed in
Meek and Lee, 1993a). Behavioral changes contribute
to the decreased incidence of winter pregnancy. Virgin
female meadow voles maintained in long or short days
for8weeksallmatedwhenpairedwithlong-daymales,
but signiﬁcantly fewer short-day females produced lit-
ters (Meek and Lee, 1993a). The latency to onset of
mating was substantially longer in short- than long-
day females; many of the latter mated within hours,
whereas a substantial proportion of short-day females
ﬁrstmatedafterseveraldaysofcohabitationwithmales.
Long latencies to initiate mating were associated with
large decreases in fertility; 100% of females that mated
within 48 hr of pairing ovulated, whereas approxi-
mately 40% of females with intermediate or long mat-
ing latencies failed to do so. Females with short-latency
mating onsets received fewer intromissions from males
prior to ejaculation and the interval between succes-
sive intromissions was increased compared to females
with delayed estrous onsets (Meek and Lee, 1993b).
The female’s responsiveness to male pheromones and
the male’s responsiveness to the female interact to af-
fect winter pregnancy rates in this species. Additional
complexity is indicated by the ﬁnding that all primi-
parous females, whether housed in long or short days,
matedwithin48hrofpairingwithalong-daymaleand
had similarly high birth rates (Meek and Lee, 1993b).
Parity may permanently decrease responsiveness to
short days, or more likely, sensitize females to male
pheromones, thereby resulting in early male-induced
estrus.Parousfemalesintheﬁeldalsocontinuetobreed
during short day lengths (reviewed by Meek and Lee,
1993a),inaccordwiththeproposedreductioninresid-
ual reproductive potential in this short-lived species.
In congeneric female prairie voles (M. ochrogaster)P1: FJS
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day length does not affect fecundity (Moffatt and
Nelson, 1994).
C. Type II Rhythms
Endogenousannualrhythmshavebeendocumented
in a wide variety of organisms, ranging from primitive
plantstoprimates(Gwinneretal.,2001).Inthegolden-
mantled ground squirrel, these rhythms persist for
manycyclesirrespectiveofenvironmentallightingcon-
FIGURE 5 Examples of circannual rhythms in physiology and behavior. A. Circannual changes in
body weight and hibernation of a squirrel kept in a ﬁxed 12L:12D photoperiod. The body weight rhythm
persistedwithaperiodof<12monthsfor6consecutiveyears.Beginninginyear3,squirrelswerehoused
at 5◦C. The ordinate axis on the right side indicates the duration of each hibernation bout. Hibernation
occurred during 4–6 month intervals for 3 consecutive years, and this rhythm persisted with a period
of <12 months. [From Ruby et al. (1998). Brain Res. 782, 63–72, copyright 1998, with permission of
Elsevier Science.] B. Circannual rhythms in plasma LH concentrations in ewes maintained outdoors and
exposed to natural variations in day length (left) or kept indoors and exposed to a ﬁxed short day of
8L:16D (right) for 5 years. From Karsch et al. (1989).
ditions (short or long days, constant light or constant
darkness; it matters not; Zucker 2001) (Fig. 5A); in Fig. 5
others, only certain photoperiodic or temperature con-
ditions are compatible with rhythm expression (Goss,
1984; Gwinner, 1986), and in still others the rhythm
fades after several years (Fig. 5B).
The annual sequence of gonadal growth, a re-
stricted breeding season, and gonadal involution are
superﬁciallysimilarinTypeIandIIcycles;closerexami-
nation reveals signiﬁcant differences—reproduction inP1: FJS
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Type II species is not maintained indeﬁnitely during
exposure to any sequence of constant or variable day
lengths; gonadal recrudescence either is not accom-
panied by refractoriness or if refractoriness occurs it
terminates spontaneously. This feature permits a self-
sustaining annual rhythm (Fig. 2B).
An alternative view is that Type II rhythms emerge
from sequential refractoriness to short and long days.
Ferrets initiate reproductive activity in the spring as
they become refractory to winter day lengths and
maintain stimulated reproductive systems in long days
for several months; subsequently, gonadotropin secre-
tion diminishes and reproductive quiescence develops
in long day lengths (Herbert and Klinowska, 1978).
Sheepsimilarlyappeartodeveloprefractorinesstoboth
prolonged long and short day lengths (Almeida and
Lincoln, 1984; Robinson etal., 1985). This feature may
be characteristic of many Type II rhythms, but it is not
universally present; golden-mantled ground squirrels
repeatedly make transitions from winter to summer
phenotypes spontaneously, even when housed contin-
uously in an unvarying day length (Zucker, 2001).
1. Entrainment of Type II Rhythms: Mediation
by Melatonin
The period of Type II rhythms deviates from
12 months in the absence of entraining signals—free-
running periods of the rhythms of body mass, hiber-
nation, and reproduction of golden-mantled squirrels
are approximately 10.5 months, necessitating a phase
delay of 1.5 months each year to synchronize with
the annual geophysical cycle. Simulated annual vari-
ations in day length effect this correction (Lee and
Zucker, 1991). Seasonal differences in the duration
of nightly melatonin secretion transduce the effects of
day length on the neuroendocrine axis. Pinealectomy
eliminates melatonin from the peripheral circulation
and obliterates Type I rhythms, which invariably revert
to the summer or long-day phenotype (Reiter, 1980).
Type II rhythms, in contrast, persist after pinealectomy
(Zucker, 1985; Woodﬁll et al., 1994), but the abil-
ity to entrain to a simulated natural photoperiod is
lost (Hiebert et al., 2000). Infusions of melatonin that
mimic durations of nocturnal melatonin secretion in
natural day lengths entrain the luteinizing hormone
(LH) rhythm of pinealectomized ewes to a period of
12 months; the endogenous pattern of melatonin se-
cretedinthe3monthsbetweenthesummersolsticeand
the autumnal equinox entrains the annual rhythm of
LH in pinealectomized females with phase and period
similar to those of intact ewes held outdoors (Fig. 6) Fig. 6
(Woodﬁlletal.,1994;Barrelletal.,2000).Theabsolute
duration of day length and the direction of day length
change, both transduced by melatonin secretion, inﬂu-
enceentrainmentofTypeIIsheepreproductiverhythms
(Woodﬁll et al., 1991, 1994).
2. Phase Response Curves to Hormones
The responsiveness to hormones varies over the
course of the annual cycle. In golden-mantled ground
squirrels, body mass almost doubles in the spring and
thendeclinesduringthefallandwintermonths,reﬂect-
ing ﬁrst accretion and then depletion of white adipose
tissue(Darketal.,1992).Estradioltreatmentsrestricted
tomassgainandlossphases,respectively,producesub-
stantial phase delays and advances in the rhythms of
bodymassofovariectomizedsquirrels(LeeandZucker,
1992); similar effects are observed in gonadectomized
males (Hiebert et al., 1998). It is unusual that sexual
differentiation does not eliminate the responsiveness of
males to phase-shifting actions of estradiol; in Syrian
hamsters, the circadian rhythms of males, unlike those
of females, are completely unresponsive to phase-
shifting actions of estradiol (Zucker et al., 1980a,b).
Melatonin treatments initiated in late summer pro-
duced durable phase shifts of Type II reproductive and
body mass rhythms of juvenile female ground squir-
rels; identical treatments in the spring were ineffective
(reviewed in Zucker, 2001). Circannual oscillators in
squirrels and sheep (Woodﬁll etal., 1994) evidently re-
spond differently to melatonin at discrete phases of the
annual cycle.
Although hormones inﬂuence the phasing of
rhythms, they are not essential for rhythm generation.
The ablation of several endocrine organs (testes,
ovaries, and pineal gland) of ground squirrels did not
interfere with rhythm expression (Zucker, 2001). Thy-
roidectomy, on the other hand, extended the breeding
season of rams and ewes (Parkinson and Follett, 1994;
Karsch et al., 1995). It is unlikely that a circannual
oscillator in the thyroid gland mediates this effect. The
normal annual rhythm in blood prolactin concentra-
tions persists in thyroidectomized sheep and damage
to the anterior hypothalamus produces an extension ofP1: FJS
PB134D-19 PB134A/Pfaff # VOLUME TWO January 31, 2002 21:18 Char Count= 0
106 I. Mammalian Hormone-Behavior Systems
FIGURE 6 Hormone secretion at different phases of the year synchronizes circannual rhythms. Summary
of timing of high and low LH stages in pineal-intact control ewes (top panel) and in pinealectomized ewes
treated with melatonin (M) for 3 consecutive months each year for 4 years. Thick curved lines indicate when
melatonin was present and its changing pattern. The timing of the high LH stage of each cycle relative to
the calendar year (abscissa) is plotted as a thick horizontal bar, with the high LH stage of the ﬁrst observed
cycle depicted by the leftmost horizontal bar for each animal. Asterisks indicate that an animal died before
observations were completed. [From Woodﬁll et al. (1994).]
reproduction similar to that resulting from thyroidec-
tomy (Hileman et al., 1994), together implicating
a specialized thyroid-brain system that modulates
photoperiodic inﬂuences on the neuroendocrine axis.
3. Hormones, Seasonal Variation in Locomotor
Activity, and Circannual Modulation
of Circadian Organization
Home range size and the amount of wheel-running
activity vary seasonally in several rodents. In voles,
locomotor activity reverts from a predominantly noc-
turnal pattern in spring to a diurnal pattern in win-
ter (Erkinaro, 1961; Rowesmitt et al., 1982). In Type I
species, these transitions in activity are driven by sea-
sonal changes in day length, temperature, and food
availability; in Type II species, however, similar sea-
sonal variations in locomotor activity are evident in the
absence of environmental change. In golden-mantled
ground squirrels housed in constant light at 22◦C for
several years, the period of the free-running circadian
locomotor rhythm is less than 24 hr during the subjec-
tive summer and greater than 24 hr during subjective
winter (Mrosovsky et al., 1976; Zucker et al., 1983).
Among squirrels kept in invariant 14-hr day lengths,P1: FJS
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locomotor activity begins earlier and ends later in the
day during subjective spring and summer than in au-
tumn and winter (Lee et al., 1986, 1990a; Lee and
Zucker, 1995; Freeman and Zucker, 2000). The inter-
val between successive recurrences of the summer or
winter patterns of activity is 10.5 months. An endoge-
nous circannual mechanism modulates the amount
and daily timing of locomotion. Although increases in
the duration and distribution of activity are correlated
with the reproductive cycle and with striking seasonal
changes in body temperature, the circannual locomo-
tor rhythms nevertheless persist unaltered in gonadec-
tomized individuals (Lee and Zucker, 1995) and those
in which large body-temperature ﬂuctuations are elim-
inated (Freeman and Zucker, 2000).
IV. ENDOCRINE TRANSDUCTION
OF PHOTOPERIOD SIGNALS
Postulated as the seat of the soul by Descartes, the
pineal gland remained a biological enigma until 1958,
when Lerner and colleagues isolated and characterized
melatonin from the bovine pineal gland and demon-
strated a physiological action in lightening amphibian
melanocytes. Primarily through the impetus of Reiter’s
work in the 1960s (e.g., Hoffman and Reiter, 1965),
the pineal gland came to be recognized as a mediator of
seasonal changes in day length in mammals. A prolifer-
ation of research and speculation regarding the physi-
ological signiﬁcance of the pineal gland and its princi-
pal indolamine hormone, melatonin, ensued (Arendt,
1995).
In 1964, surgical excision of the pineal gland was
found to be associated with a reduction in the rate
and magnitude of seasonal gonadal regression in male
Syrian hamsters (Czyba et al., 1964). This outcome an-
ticipated results obtained under more controlled labo-
ratory conditions by Hoffman and Reiter (1965), who
reported that gonadal regression in response to blind-
ing or exposure to short photoperiods was absent in
pinealectomized hamsters. Reiter and colleagues’ work
during this decade was largely responsible for describ-
ing in detail “[t]he sensitivity of the hamster to ma- Au: please
provide
pages for
quo-
tataion
nipulations of the environment, in this case light...”,
and establishing, “the concept that the pineal gland has
the important function of regulating gonadal activity
so that it is compatible with certain changing envi-
ronmental conditions” (Hoffman and Reiter, 1965). A
searchfortheantigonadalpinealfactorturnedsquarely
to melatonin, which is secreted by the pineal gland in a
circadian pattern, with peak gland and blood concen-
trations occurring during subjective night. The light-
entrainable circadian clock in the suprachiasmatic nu-
clei (SCN) drives the melatonin secretory rhythm; sep-
arate circadian oscillators, entrained to lights off (dusk)
andlightson(dawn),areproposedtoregulatetheonset
and offset of nocturnal hormone secretion, respectively
(Illnerova et al., 1984; Illnerova, 1991). Consequently,
over the annual cycle, the duration of nocturnal mela-
tonin secretion varies inversely with day length (Fig. 7) Fig. 7
(Sumova et al., 1995).
A. Duration vs Phase of the Melatonin Signal
The circadian phase during which melatonin is el-
evated and the duration of nocturnal elevation are
two features that could account for its gonadotrophic
effects. In the 1970s, Syrian hamsters housed in 14L
were shown to undergo gonadal regression when
injected with melatonin during late afternoon (i.e.,
shortly before the onset of darkness), but not when
treatedinearlytomid-day(Reiteretal.,1977;Tamarkin
et al., 1977). This temporal coding of melatonin’s
antigonadal effects suggested a circadian rhythm in
tissue responsiveness to melatonin (Tamarkin et al.,
1977). Subsequent experiments in hamsters and sheep
indicated, however, that for control of seasonal traits,
the duration of the nocturnal melatonin peak is para-
mount (Carter and Goldman, 1983a,b; Bittman and
Karsch, 1984; Goldman et al., 1984). Thus, mela-
tonininfusionsinducedgonadalregressioninpinealec-
tomized Siberian hamsters irrespective of the stage in
the circadian cycle of its administration; only the dura-
tion of the melatonin signal was critical to its antig-
onadotrophic effects (Goldman et al., 1984). Mela-
tonin infusions ≥8 hr per day suppressed serum
gonadotropin and prolactin concentrations and pro-
voked gonadal regression, whereas infusions ≤6h r
per day stimulated the reproductive axis. Moreover,
two melatonin infusions separated by <1 hr sum-
mated as a single longer signal (Goldman et al., 1984;
Goldman, 1991). As few as 4 consecutive weeks of
daily long-duration melatonin signals are sufﬁcient toP1: FJS
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FIGURE 7 Pineal melatonin content in female Siberian hamsters housed in long day lengths of
L16:D8 (ﬁlled circles) and short day lengths of L8:D16 (open triangles). Dark bars below the abscissa
indicate the timing and duration of darkness. The duration of nocturnal melatonin synthesis and
secretion varies inversely with day length. [From Illnerova et al. (1984).]
induce gonadal regression in adult Siberian hamsters,
and 6 weeks of such treatments sufﬁces in Syrian ham-
sters (Prendergast et al., 2000; Maywood and Hastings,
1995).Fromthisandotherwork,thedurationhypoth-
esis has emerged. The apparent rhythm in responsive-
ness of the reproductive system to melatonin injections
in pineal-intact animals was explained as follows. Ex-
ogenous melatonin delivered a few hours before the
natural onset of melatonin secretion transforms the
endogenouslong-daysignaltothelongeronecharacter-
istic of short days. Treatments given at other times pro-
duce transient melatonin elevations that do not sum-
mate with endogenous melatonin secretion to produce
an extended signal. The viability of the duration hy-
pothesis has been established in several rodent and un-
gulate species and at present best accounts for the way
in which melatonin mediates photoperiodism (Arendt,
1995). Pitrosky and colleagues (1995; Pitrosky and
Pevet, 1997) resurrected a version of the circadian sen-
sitivity hypothesis to account for their observation that
Syrian hamsters undergo gonadal regression when pro-
videdwithtwo2.5-hrmelatonininfusionsperdaysep-
aratedbya5-hrmelatonin-freeinterval.Theirinterpre-
tations have been challenged (Hastings, 1996; Loudon,
1996).
B. Decoding of Melatonin Signals
How the neuroendocrine system extracts informa-
tion from melatonin signals remains of great inter-
est. In nature, melatonin signals corresponding to
changing day lengths are generated on a nightly ba-
sis. Given that the duration of a melatonin signal
on any given night is highly predictive of signal du-
ration on subsequent nights, work has probed the
optimality of nightly melatonin signals in commu-
nicating seasonal information. At issue is whether
nightly melatonin signals are necessary to activate orP1: FJS
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inhibit the reproductive system or whether a lesser
number of signals is sufﬁcient. Short-duration mela-
tonin signals provided on a daily basis provoked
gonadal growth in Siberian hamsters, but failed to
do so when delivered less frequently (Prendergast
and Hugenberger, 1999) and elicited no additional
growth when provided more frequently (Flynn et al.,
2000). Similarly, long-duration melatonin infusions in-
duced gonadal regression if given at 24-hr, but not
less frequent, intervals (Elliott et al., 1989). In Syrian
hamsters, long-duration melatonin infusions elicited
gonadal regression when provided at 20- or 24-hr
intervals; higher or lower infusion frequencies were
ineffective. Long-duration melatonin pulses infused
at lower (16-hr) frequencies induced gonadal regres-
sion in tau mutant hamsters (Stirland et al., 1996).
Neuroendocrine responsiveness to melatonin thus ap-
pears to be frequency-tuned—only signals that recur
at frequencies that approximate the organism’s endoge-
nous frequency (in most cases ∼24 hr) elicit duration-
appropriate physiological responses. Whether the in-
ability to extract information from signals that deviate
from one per circadian day is restricted to the gonadal
axis or is characteristic of the processing of melatonin
signals throughout the nervous system awaits further
investigation.
C. Context-Dependent Melatonin
Signal Integration
The delivery of unnatural melatonin signals has
unveiled formal properties of the melatonin signal-
processing system. The context in which melatonin
signals are generated inﬂuences whether or not they
activate the hypothalamic-pituitary-gonadal axis. For
example, short-duration (5-hr) melatonin infusions
delivered every other day against a background of
no melatonin to pinealectomized hamsters did not
elicit gonadal growth (Prendergast and Hugenberger,
1999), but similar short melatonin signals given ev-
ery other day sustained gonadal growth when inter-
posed with long-duration (10-hr) signals on inter-
vening days (Prendergast et al., 1998). Short-duration
melatonin signals delivered every 72 hours, however,
did not sustain gonadal development even against
a background of long-duration signals (Prendergast
et al., 1998). Melatonin-responsive elements thus ap-
pear capable of bridging a gap of approximately
48 hours between short signals, provided a melatonin
signal, even a long-duration signal that normally in-
hibits gonadal growth, is received on the intervening
day.
A small number of consecutive daily melatonin sig-
nals is required to impart photoperiod information.
During days 13 to 16 of gestation, Siberian hamsters
communicatedaylengthinformation(photoperiodhis-
tory) to their fetuses; maternal melatonin secretion
thereby inﬂuences pups’ postnatal development and
responsiveness to intermediate day lengths (Weaver
and Reppert, 1986; Weaver et al., 1987; Elliott et al.,
1989; Stetson et al., 1989). Pregnant pinealectomized
females that received at least two consecutive long-
duration melatonin infusions during the latter part of
gestation communicated photoperiod information to
their fetuses; those receiving only one infusion did
not (Weaver et al., 1989). Two, rather than one, long-
durationmelatonininfusionsmuchmoreeffectivelyin-
hibited gonadal development in juvenile Siberian ham-
sters(Goldmanetal.,1984).InadultSiberianhamsters,
gonadal growth was provoked by short-duration mela-
tonin signals delivered on 2 consecutive days when fol-
lowedby2daysoflong-durationinfusions(Flynnetal.,
2000); in the latter study, two successive signals ex-
tended the interval over which short signals could sus-
tain gonadal growth, but the 72-hr gap between short
signals was not bridged in the absence of melatonin on
intervening days. The neuroendocrine system requires
the presence of some melatonin at approximately daily
intervalstomaintainresponsivenesstoshortmelatonin
signals.
Innature,thedurationofnightlymelatoninsecretion
neither varies markedly nor remains static from night-
to-night; rather, melatonin signals either gradually in-
creaseordecreaseasdaysgetshorterandlonger,respec-
tively. Just as photoperiod information is contained in
the direction of change in day length, independently
of absolute day length (Gorman and Zucker, 1995),
the direction of change in melatonin secretion conveys
seasonal information to the neuroendocrine system.
Melatonin infusions gradually decreasing in duration
from 10 to 7.5 hours per night elicited gonadal growth
in Siberian hamsters, whereas those gradually increas-
ing from 5 to 7.5 hours per night induced regression
(Gorman and Zucker, 1997).P1: FJS
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Prior photoperiod history modiﬁes the critical day
length for reproductive stimulation and inhibition.
Siberian hamsters previously housed in 16L:8D and
8L:16D undergo gonadal regression and growth,
respectively, when exposed to a 14L:10D photocy-
cle; such intermediate-duration photoperiods are re-
garded as long or short days, depending on an indi-
vidual’s photoperiodic history (Fig. 8) (Duncan et al., Fig. 8
1985; Hoffmann and Illnerova, 1986). The range of
photoperiods that elicit gonadal stimulation or regres-
sion as a function of photoperiodic history is consid-
erable; day lengths as short as 12L:12D and as long as
16L:8D may be regarded as long and short days, re-
spectively, by hamsters previously exposed to shorter
(6L:18D) and longer (20L:4D) day lengths (Rivkees
et al., 1988). An individual’s photoperiod history like-
wise determines whether melatonin signals of interme-
diate duration are regarded as long- or short-day cues.
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FIGURE 8 Photoperiodic history determines the reproductive
response to intermediate day lengths. Siberian hamsters previ-
ously housed in long days of L16:D8 undergo gonadal regres-
sion when exposed to intermediate-duration photoperiods of
L14:D10 for 10 weeks (left panel), whereas hamsters previously
housed in short days of L8:D16 respond to the intermediate-
duration photoperiod with gonadal development (right panel).
[From Hoffmann et al. (1986). Neurosci. Lett. 67, 68–72, copy-
right 1986, with permission of Elsevier Science.]
For example, 7-hr melatonin infusions elicited gonadal
growth in hamsters previously housed in short days,
but caused gonadal regression in hamsters from long
days (Prendergast et al., 2000). Photoperiodic mam-
mals encode a representation of prior day lengths that
affects the interpretation of subsequent melatonin sig-
nals. Two or more weeks of exposure to a long day
length (15 hr light/day) was sufﬁcient to encode such a
photoperiodic memory, permitting gonadal regression
in response to a subsequent intermediate day length
(13.5 hr light/day). Photoperiodic memories encoded
by 15-hr days persisted for approximately 13 weeks
(Prendergast et al., 2000). The photoperiodic mem-
ory system provides a constantly changing context for
the interpretation of intermediate day lengths. In na-
ture, the encoding and eventual decay of photoperi-
odic memories may ensure that hamsters’ responses to
ambiguous photoperiod cues are inﬂuenced only by
relatively recent day lengths.
V. NEURAL BASES FOR
PHOTOPERIODISM
A. Mechanisms of Photoperiodic Time
Measurement: Neural Control
of Melatonin Secretion
Pineal melatonin, the principal endocrine mediator
of day length in mammals, provides photoperiod in-
formation essential for the generation (Type I) and en-
trainment (Types I and II) of seasonal rhythms. Most
investigations have assessed reproductive end points
in probing actions of melatonin. The GnRH-pituitary-
gonadalsystemiswell-suitedforphysiologicalanalyses
of the processing of day-length information.
Seasonal changes in day length impinge on the
neuroendocrine axis via a retinal-hypothalamic-pineal
pathway (Moore 1996). Brieﬂy, light entrains circadian
oscillators in the SCN, which via a polysynaptic path-
way control melatonin synthesis in the pineal gland
(Fig. 9) (Illnerova et al., 1984; Elliott and Tamarkin Fig. 9
1994). Circadian output from the SCN is transmit-
ted to the parvocellular autonomic component of the
hypothalamic paraventricular nucleus (PVN), which
projects to the upper thoracic intermediolateral cellP1: FJS
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FIGURE 9 A. Neural pathway that controls the circadian rhythm in pineal melatonin secre-
tion. IML, intermediolateral spinal cord cell column; MFB, medial forebrain bundle; NC, nervi
conarii; ON, optic nerve; PVN paraventricular nucleus; SCG, superior cervical ganglion; SCN,
suprachiasmatic nucleus. B. Schematic illustration of rhythms of neuronal activity in sequential
components of the neural pathway that mediates the effects of light on pineal secretory activity.
[FromMoore(1996).Behav.BrainRes.73,125–130,copyright1966,withpermissionofElsevier
Science.]
column via the medial forebrain bundle (MFB). MFB
neuronsinnervatethesuperiorcervicalganglion(SCG),
and postganglionic β-noradrenergic sympathetic ﬁbers
from the SCG project to pinealocytes via the bilateral
internal carotid nerves (ICNs) (Moore, 1996). Infor-
mation that originates in the SCN drives a circadian
rhythm of synthesis of N-acetyltransferase (NAT), the
rate-limiting enzyme in the conversion of N-acetyl-
serotonin to melatonin. Pineal melatonin is secreted
exclusively at night, in proportion to the duration of
the scotophase. The ablation of the SCN eliminates the
diurnal pineal NAT rhythm (Moore and Klein, 1974),
as do lesions of the PVN (Klein et al., 1983), MFB
(Moore, 1996), and SCG (Reiter et al., 1979) or dam-
age to the ICNs (Bowers et al., 1984). Consistent with
the essential role of melatonin in mammalian photope-
riodism, lesions along this pathway eliminate the re-
productive response to day length in hamsters (Rusak
and Morin, 1976; Pickard and Turek, 1983; Eskes
et al., 1984; Lehman et al., 1984; Bittman and Lehman,
1987).
B. High-Density Melatonin-Binding
Sites in the Mammalian Brain
Autoradiographic analyses indicate high-density
binding of 125I melatonin in the SCN of several ro-
dent species (Weaver et al., 1989); in Siberian ham-
sters, the thalamic paraventricular nucleus (PVt) and
the reuniens nuclei exhibit a high degree of melatonin
uptake (Duncan et al., 1989). In rats, Syrian hamsters,
and Siberian hamsters, the SCN and median eminence
display signiﬁcant melatonin binding, as do several ar-
eas of the thalamus, hypothalamus, subiculum, and
area postrema (Weaver et al., 1989). Interestingly, lit-
tle 125I melatonin binding was detected in the ante-
rior pituitary gland of adult photoperiodic rodents,
despite the profound inﬂuence of melatonin on theP1: FJS
PB134D-19 PB134A/Pfaff # VOLUME TWO January 31, 2002 21:18 Char Count= 0
112 I. Mammalian Hormone-Behavior Systems
secretion of gonadotropins (Vanecek, 1988; Carlson
et al., 1991). Among three suborders of Rodentia,
there is considerable interspeciﬁc variability in sites of
high-afﬁnity melatonin binding (Bittman et al., 1994).
Among orders of mammals, variability in melatonin
binding sites is noteworthy; for example, in sheep nu-
meroustelencephalic,diencephalic,hypothalamic,and
midbrain structures bind melatonin, whereas in ferrets
only the pars tuberalis and pars distalis of the pituitary
bind 125I melatonin, despite the fact that both species
are highly reproductively photoperiodic (Bittman and
Weaver, 1990; Weaver and Reppert, 1990). The pars
tuberalis is the only structure that binds melatonin in
all mammals and appears to feature prominently in
the transduction of photoperiod information for con-
trol of prolactin (PRL) secretion (Morgan and Williams,
1989).
C. Central Sites of Melatonin Action
in the Reproductive Neuroendocrine System
As described in Section IV, the nightly duration of
melatonin secretion is the critical parameter for trans-
ducingtheeffectsoflightontheneuroendocrineaxis.A
seriesoflong-durationmelatoninsignalssuppressesan-
terior pituitary gonadotropin secretion (Bartness et al.,
1993; Goldman and Nelson, 1993). Melatonin must
either suppress GnRH secretion in the hypothala-
mus, attenuate its ability to stimulate pituitary follicle-
stimulating hormone (FSH) and LH release, or reduce
gonadal responsiveness to gonadotropins (in any com-
bination). There is no consistent evidence from in vivo
orinvitrostudiesofrodentsthatdaylengthormelatonin
alters pituitary responsiveness to GnRH (e.g., Martin
et al., 1977; Jetton et al., 1994), but in ruminants
a signiﬁcant modulatory role for photoperiod signals
has been documented (Fowler et al., 1992; Xu et al.,
1992).InsomestudiesofSyrianandSiberianhamsters,
the number of hypothalamic GnRH immunoreactive
(GnRH-ir) neurons was increased in short day lengths
(Ronchi etal., 1992; Bernard etal., 1999), but in others
no differences were detected between long- and short-
day animals (e.g., Urbanski et al., 1991; Bittman et al.,
1991, 1996; Yellon, 1994). It is not known whether
melatonin affects GnRH neurons directly or indirectly,
although some overlap exists between brain nuclei that
bind melatonin and those that contain GnRH neurons
(Glass, 1986; Glass and Dolan, 1988; Korytko et al.,
1995).
Thereproductiveeffectsofmelatoninhavebeenchar-
acterized most extensively in Syrian and Siberian ham-
sters. Among hypothalamic nuclei with high densities
of 125I-iodomelatonin binding, those in the mediobasal
hypothalamus (MBH), speciﬁcally in the dorsomedial
nucleus of the hypothalamus (DMH) appear to be es-
sential for decoding photoperiod signals. The ablation
of the DMH eliminated the gonadal response to long-
duration melatonin infusions in male Syrian hamsters
(Maywood and Hastings, 1995; Maywood etal., 1996),
and destruction of tissue in the adjacent ventromedial
nucleus of the hypothalamus (VMH) DMH region re-
sulted in the premature recovery of testicular function
in photoregressed Syrian hamsters (Bae et al., 1999).
The ablation of the SCN eliminated the antigonadal
effects of long-duration melatonin signals in Siberian
hamsters (Bartness et al., 1991) but not Syrian ham-
sters (Bittman et al., 1979, 1989). Interestingly, the
ablation of the DMH spared the lactotropic PRL re-
sponse to long melatonin signals and short day lengths
in Syrian hamsters, even though the responsiveness of
gonadotropins to these signals was lost (Maywood and
Hastings, 1995). This suggests that melatonin signals
are transduced into the hypothalamic-pituitary axis via
multiple parallel pathways that may be trait-speciﬁc
(Maywood and Hastings, 1995; Lincoln, 1990, 1999).
In support of this conjecture, the ablation of the SCN,
which eliminated nocturnal melatonin secretion, abol-
ished the gonadal response to short day lengths, yet
spared the PRL response (Bartness etal., 1991; Bittman
etal.,1991).MicroinfusionsofmelatoninintotheSCN,
reunions nuclei, or the PVt each induced testicular re-
gression in juvenile Siberian hamsters, but only infu-
sions of the SCN yielded short-day-like PRL concentra-
tions (Badura and Goldman, 1992).
Brainregionsthattransducephotoperiodsignalsinto
changes in gonadotropin secretion are concentrated
in the medial basal hypothalamic region in rodents,
but in other species (e.g., carnivores), reproductive
responses to photoperiod may not involve a direct
action of melatonin in the brain at all (e.g., ferrets;
Weaver and Reppert, 1990), although the possibility
of neural melatonin receptors that have not been de-
tected by procedures remains a possibility. Melatonin
binding sites outside the brain play a signiﬁcant roleP1: FJS
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in photoperiodic regulation of reproductive hormone
secretion. Indeed, in hypothalamic-pituitary discon-
nected sheep, melatonin implants in the pars tuberalis
inhibited PRL secretion in a manner that mimicked the
effects of photoperiod (Lincoln and Clarke, 1997).
Melatonin treatments restricted to the pars tuberalis
were sufﬁcient to drive the entire cycle of responsive-
nessandrefractorinessofPRLtomelatonin,mimicking,
in part, the response to short days even as gonadal re-
sponses to melatonin were absent in this preparation
(Lincoln and Clarke, 1997). In hamsters, both short
days and melatonin treatments decreased the ampli-
tudeofper1(anearly-immediategene)andICER(anin-
ducible cyclic adenosine monophosphate (cAMP) early
repressor) rhythms in the pars tuberalis. Such changes
in gene expression covaried with decreases in pituitary
PRL secretion and suggest an internal representation
of short days in the reproductive neuroendocrine axis
(Messager et al., 1999). GnRH ﬁbers traverse the me-
dian eminence and pars tuberalis, areas of dense mela-
tonin binding where melatonin could potentially inﬂu-
ence peptide release from synaptic terminals, although
in sheep melatonin implants in the pars tuberalis did
not alter pituitary gonadotropin secretion (Lincoln and
Clarke,1997).Littleisknownabouttheextenttowhich
thesitesofmelatoninbindinginteractintheinduction,
maintenance, or termination of gonadal regression un-
der short days.
VI. MATERNAL–FETAL
COMMUNICATION OF DAY LENGTH
Long-day breeding rodents typically begin issuing
offspring in March–April and stop producing litters in
September–October. If the length of a given breeding
seasonpermits,littersmaybebornasmanyas6months
apart (Millar et al., 1979). Upon weaning, young born
in the spring months encounter increasing day lengths,
moderate ambient temperatures, and relatively plenti-
fulfood,whereasthosebornlateinthebreedingseason
face decreasing day lengths and food scarcity (Iverson
and Turner, 1974). In several photoperiodic rodent
species, somatic growth and sexual maturation are de-
layed in fall-born offspring; animals born in late sum-
mer and autumn typically do not reach sexual maturity
until spring of the following year. In contrast, spring-
born pups mature rapidly and reach sexual maturity
within 1–3 months (Martinet and Spitz, 1971; Worth
et al., 1973; Petterborg, 1978; Pistole and Cranford,
1982; Spears and Clarke, 1986).
Day length is the main proximate cue triggering
puberty in small temperate-zone rodents. Very young
pups do not generate pineal melatonin rhythms, and
thus do not transduce day length information dur-
ing early-postnatal life. Nocturnal pineal melatonin
rhythms typically emerge between 11 and 25 days of
age in various species (Yellon and Goldman, 1984;
Stetson et al., 1986; Sato et al., 1989; Kaufman and
Menaker, 1991), and only then can juveniles di-
rectly encode the ambient photoperiod. Prevailing day
lengths around the time of weaning arrest or accelerate
somatic and reproductive growth in several photoperi-
odic rodents (Hoffmann, 1979; Johnston and Zucker,
1980; Horton, 1984; Stetson et al., 1989; Gower et al.,
1994). Postnatal photoperiods alone, however, do not
determine these developmental trajectories. In all ro-
dent species that have been studied, day lengths that
prevail prenatally (and even those experiencxed by
damspriortoconception)inﬂuencetheweanling’spr e-
pubertal development.
Inspringandfall,newlyweanedoffspringencounter
comparable intermediate day lengths (12–14 hr light
per day). By communicating day-length information to
their fetuses during gestation, dams remove much of
the seasonal ambiguity inherent in intermediate day
lengths. Comparison of pre- and postnatal day lengths
provides pups with directional information regarding
changes in photoperiod duration and thereby either
promotes or retards growth and development.
A. Voles
Pregnant montane voles (Microtus montanus) com-
municate day-length information to their fetuses. Fe-
tuses maintained in a short photoperiod of 8L during
gestation grew faster than those gestated in 14L when
exposed to 8L, 10L, or 14L photoperiods after birth
(Horton, 1984). Day length during lactation had no
effect on the somatic or reproductive development of
juveniles (Horton, 1985). The photoperiodic informa-
tion communicated to fetuses in utero encodes a ref-
erence day length that is accessed postnatally to initi-
ate or inhibit somatic and reproductive development;P1: FJS
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which developmental trajectory is followed depends
on whether current day lengths are longer or shorter,
respectively, than those during gestation.
The winter phenotype (inhibition of reproduction,
decreased food intake, and increased fur thickness) in
weanling meadow voles depends on day lengths ex-
perienced by their dams prior to conception as well
as those present during gestation and lactation. Pups
born to dams housed in short days prior to conception
and housed in short days postnatally manifested re-
duced rates of somatic and reproductive development
and thicker pelages than the offspring of dams housed
in long days prior to conception (Lee et al., 1987; Lee
and Zucker, 1988). A prenatal short-day photoperiod
signal mimicked by treating long-day pregnant voles
with melatonin also affected rates of postnatal develop-
ment; this suggests that changes in the duration of ma-
ternal melatonin secretion during gestation provide the
requisite signals to fetuses (Lee et al., 1989). Maternal
signals during lactation also inﬂuenced the food intake
and somatic growth of pups (Lee and Zucker, 1988;
Lee, 1993). Postnatal exposure to short days did not,
however, inhibit reproductive development or body
mass in pups born to photorefractory dams housed
in short days for 26 weeks prior to mating (Lee and
Zucker, 1988). Seasonal information—regarding both
the ambient day length during gestation and the num-
ber of weeks dams have been exposed to short days
prior to mating—is communicated to fetal meadow
volesandprobablyfacilitatesphysiologicaladjustments
to the environmental conditions pups encounter after
weaning.
B. Hamsters
Gestational day lengths can have enduring effects on
reproductive development in the absence of postna-
tal photoperiod signals (i.e., in animals that are func-
tionallypinealectomized);effectsgeneratedbypre-and
postnatal day lengths also interact to regulate post-
natal growth and reproductive development (Stetson
et al., 1989; Prendergast et al., 1996). Developmental
trajectories of Siberian hamsters differ depending on
whether postnatal photoperiods are longer or shorter
thanthoseinforceprenatally.Hamstersgestatedin12L,
but not those gestated in 16L, underwent rapid testic-
ular growth when housed in 14L beginning at 15 days
M
e
a
n
 
t
e
s
t
e
s
 
w
e
i
g
h
t
 
(
m
g
)
T
e
s
t
e
s
 
w
e
i
g
h
t
 
(
m
g
)
A
B
Sham dams
Pinx dams
100
200
300
400
500
0
12
Before
−6, −5
Days from birth
Gestational photoperiod
(h light/day)
* *
14 16 24
−6, −5 −5, −4 −4, −3 −3, −2 −2, −1
100
0
200
300
400
FIGURE 10 A. Testes weights of 28-day-old offspring of
Siberian hamster dams kept in different photoperiods during
gestation and from birth in a 14L:10D photoperiod. Exposure to
intermediate-duration day lengths postnatally stimulated repro-
ductive development in pups gestated in equivalent or shorter
day lengths, but inhibited development in pups gestated in
longer day lengths. Intact, but not pinealectomized, dams com-
municated day-length information to their fetuses. B. Testicu-
lar weights of 34-day-old Siberian hamsters born to pinealec-
tomized dams that received two consecutive 10-hr melatonin
infusions during gestation. Abscissa indicates timing of infu-
sionsrelativetodayofbirth.Pupsweremaintainedfrombirthin
14L:10D. Long-duration melatonin infusions (mimicking short
day lengths) delivered between days 6 and 3 prior to birth
provoked signiﬁcant gonadal growth in pups postnatally. From
Horton et al. (1990); Weaver et al. (1987).
of age (Fig. 10A) (Stetson et al., 1986). Similar to mon- Fig. 10
tane voles but unlike in meadow voles, mothers trans-
fer photoperiod information during gestation, but not
during lactation (Stetson et al., 1989).
Only dams with intact intact pineal glands transfer
photoperiod information to their fetuses (Weaver andP1: FJS
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Reppert,1986;Weaveretal.,1987);thedurationofma-
ternal nocturnal melatonin secretion communicated to
fetusesduringthelatterstageofgestationistherelevant
signal (Weaver and Reppert, 1986; Weaver et al., 1987;
Horton et al., 1989; Stetson et al., 1989; Prendergast
etal.,1996).JuvenilePhodopusborntopinealectomized
dams that received long-duration melatonin infusions
on two or more consecutive days between days 6
and 3 before parturition underwent gonadal growth
when housed in 14L postnatally (Fig. 10B); that is,
this intermediate-duration day length was perceived
as relatively longer than the day length communicated
by the melatonin signals provided in utero. In con-
trast, pups born to dams that received either mul-
tiple consecutive daily melatonin infusions at other
gestational stages or only a single melatonin infusion
during the appropriate interval did not exhibit rapid
gonadal development (Weaver and Reppert, 1986;
Weaver et al., 1987). A mechanism—formally simi-
lar to that operative in adult hamsters (Prendergast
et al., 2000)—encodes a reference photoperiod in utero
that permits pups to measure the directional change
in day length postnatally over an interval of several
weeks.
VII. WINTER BREEDING AND
PHOTOPERIOD NONRESPONSIVENESS
A variable and in some cases substantial proportion
of individuals in many long-day-breeding photoperi-
odic species remains reproductively active in winter.
In the laboratory, this presents as a failure to undergo
involution of the reproductive apparatus in short day
lengths (Fig. 11). This phenomenon has also been ob- Fig. 11
servedintheﬁeld,wheresomeindividualsproduceoff-
spring in mid-winter (Christian, 1980). Thus, despite
inhabiting a seasonally variable environment, these in-
dividuals sustain reproductive activity during the short
days of winter. The dogma that seasonal curtailment of
reproduction is an adaptive response to the energetic
challenges of autumn and winter is challenged by the
existence of nonphotoperiodic individuals. Why and
how these animals are unresponsive to decreasing day
lengthsrequiresexplanation.Hereweexaminetheexis-
tence of nonresponsiveness to day length in nominally
photoperiodic species.
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FIGURE11 A.Pairedtestesweightsforindividualprairievoles
maintained from birth until 35 days of age in long (16L:8D) or
short (8L:16D) day lengths. Horizontal bars, group means; ﬁlled
circles, individual values for paired testis mass; open circles,
values for voles that underwent testicular development during
exposure to short day lengths. From Nelson (1985).
A. Deﬁnitions
Individuals are reproductively photoperiodic if
changes in day length (or their neuroendocrine seque-
lae) alter traits directly involved in successful repro-
duction. As described in Section V, short days alter the
synthesis and storage of brain peptides that regulate re-
production, resulting in reduced blood concentrations
of gonadotropins and steroids, diminished reproduc-
tive organ weights, and elimination of reproductive be-
havior. Photoperiodic rodents also commonly decrease
bodymassinpreparationforwinter,therebyconserving
energy (Iverson and Turner, 1974; Wunder etal., 1977;
Wolff and Lidicker, 1980; Pistole and Cranford, 1982;
Darketal.,1983b;DarkandZucker,1984a,b;Wunder,
1984); steroid-dependent behaviors such as mating,
territorial defense, dispersal, and aggressive and ago-
nistic interactions all decline in winter as well (Jannett,
1984; Madison et al., 1984).
Divergent mechanisms mediate photoperiod non-
responsiveness in mice (Peromyscus maniculatus and
P . leucopus), voles (Microtus sp.), and hamsters (Phodo-
pussungorus)—generainwhichthemajorityofresearch
on nonresponsiveness has been conducted. IntrinsicP1: FJS
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FIGURE 12 Schematic representation of neuroendocrine levels at
which impairments in short-day signal processing could result in re-
productive nonresponsiveness to short day lengths.
and extrinsic factors that inﬂuence the reproductive re-
sponse to short day lengths include age, genetic pre-
disposition, latitude of origin, activity level, ambient
temperature, social factors, and photoperiodic history.
A more limited body of data documents reproductive
and behavioral nonresponsiveness to other winter cues
(e.g., inanition and low temperatures; Eskes, 1983;
Larkin et al., 2001).
B. Neuroendocrine Mediation
of Nonresponsiveness
Photoperiod inﬂuences reproduction via an
information-processing pathway in which a light
signal is converted into a gonadotrophic signal that
ultimately controls the gonads (Fig. 12). Failure to Fig. 12
undergo gonadal involution in short days can reﬂect
degradation or loss of the short-day signal at any stage
of this pathway. For example, the circadian clock that
discriminates long from short days (a prepineal stage of
the pathway) may differ between photoresponsive and
nonresponsive individuals; alternatively, modiﬁcation
in the pineal gland or in postpineal hypothalamic,
pituitary, or gonadal tissues might form the basis for
nonresponsiveness to short days.
Nonresponsiveness to day length has been examined
most thoroughly in Siberian hamsters (Phodopus sun-
gorus),prairievoles(Microtusochrogaster),white-footedP1: FJS
PB134D-19 PB134A/Pfaff # VOLUME TWO January 31, 2002 21:18 Char Count= 0
19. Mammalian Seasonal Rhythms 117
mice (Peromyscus leucopus), and deer mice (P . manicu-
latus). The extent to which neural and endocrine dif-
ferences between the two phenotypes are intrinsic (ge-
netic)orextrinsic(experiential)variesbetweenspecies.
Siberianhamstersanddeermiceexemplifytwodistinct
neuroendocrine mechanisms that mediate the loss of
responsiveness to short day lengths.
1. Deer Mice (Peromyscus maniculatus)
The extent to which deer mice undergo gonadal re-
gression when exposed to winter conditions or short
day lengths (<12.5 hr light/day) (Stebbins, 1977;
Whitsett and Miller, 1982; Ruf etal., 1997) depends on
latitudeoforigin(Grametal.,1982;Darketal.,1983a),
ambient temperature and availability of food (Demas
and Nelson, 1998), and a genetic polymorphism that
renders animals nonresponsive to inhibitory patterns
of melatonin secretion (Desjardins et al., 1986). Ap-
proximately one-third of North American deer mice
responds to short days with gonadal regression, an-
other third maintain gonadal function, and the remain-
ing animals exhibit an intermediate response to short
days, characterized by a moderate (35–45%) reduc-
tion in testis size and intermediate levels of testicular
activity (Blank and Desjardins, 1986; Ruf et al., 1997).
Differences in reproductive responsiveness to photope-
riod are also reﬂected in changes in sperm number,
weight of accessory glands, plasma concentrations of
gonadotropins, and features of the GnRH neuronal sys-
tem (Blank, 1992; Korytko et al., 1995). Though ca-
pable of breeding under laboratory conditions, it is
unknown whether intermediate responders or nonre-
sponders are fertile under simulated winter conditions.
Photoperiodism in this species has a strong genetic
basis. As few as two generations of directional selection
on photoperiod nonresponsiveness yielded strains of
deer mice in which >80% or <20% of individuals are
short-day nonresponders (Desjardins et al., 1986). The
proportion of nonresponders in wild populations of
deer mice may undergo rapid changes in years when
environmental conditions permit successful autumn or
winter breeding.
Experiential factors also inﬂuence photoresponsive-
ness.Gonadaldevelopmentwasdelayedby5–6months
in male deer mice maintained in short days from birth;
however, cohabitation with an adult female resulted
in a substantial maturation of the testes and seminal
vesicles (Whitsett and Lawton, 1982). The neuroen-
docrine mechanisms that mediate positive masking by
cues from conspeciﬁcs have not been investigated.
Nocturnal melatonin rhythms were comparable in
photoperiod-responsive and nonresponsive deer mice.
It is therefore unlikely that differences in pineal mela-
tonin synthesis or secretion acount for differences in
reproductive responsiveness to short days (Blank et al.,
1988; Ruf et al., 1997). Deer mice that vary in re-
productive responsiveness to short days do, however,
differ in responsiveness to melatonin. Spermatogenesis
wassuppressedbymelatoninimplantsinphotorespon-
sive deer mice, but the same treatment was ineffective
in photoperiod nonresponders (Blank and Freeman,
1991). Identical patterns of pineal melatonin secretion
in short days produce different effects in the two types
of animals; this suggests that target tissues downstream
from the pineal gland respond differently to melatonin
signals in responsive and nonresponsive individuals
(Blank and Freeman, 1991).
Differences in the GnRH-ir neuronal system are also
associated with divergent reproductive responses to
short days (Korytko et al., 1995). Deer mice that un-
dergo gonadal regression in short days exhibited in-
creases in the number, area, or optical density of
GnRH-ir neurons in the anterior hypothalamus (AH),
diagonal band of Broca (DBB), lateral hypothalamus,
POA, and MBH. In nonresponders, some brain regions
(e.g., the lateral POA) adopted a short-day GnRH-ir
phenotype, whereas others (e.g., the lateral hypothala-
mus) remained unaffected by short photoperiods and
maintainedthelong-dayGnRH-irphenotype;stillother
regions (e.g., DBB and MPOA) manifested a GnRH-ir
pattern that resembled neither the long-day nor short-
day pattern (Korytko et al., 1995). Furthermore, in-
creases in GnRH accumulation under short days were
steroid-dependentinsomebrainregions(Korytkoetal.,
1997, 1998). In nonresponder deer mice some short-
day information apparently is lost at the level of hy-
pothalamic GnRH neurons and may reﬂect failure to
respondtonormallyinhibitorymelatoninsignals;other
GnRH neurons adopt a normal short-day phenotype in
reproductivelynonresponsivedeermice(Korytkoetal.,
1995),pointingtoacomplexinteractionbetweenmela-
tonin and GnRH subpopulations.
The pattern of GnRH-ir in nonresponders suggests
thatsubpopulationsofGnRHneuronsintheAH,lateralP1: FJS
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hypothalamus, and MBH mediate short-day reproduc-
tive responses; the phenotype of these GnRH neurons
was comparable in short-day nonresponders and long-
day mice (Korytko et al., 1995). Because the response
of these GnRH neurons differs between short-day re-
spondersandnonresponders,someshort-dayinforma-
tion either is lost or has deteriorated prior to or at the
level of GnRH neurons; whether these changes are suf-
ﬁcient to mediate reproductive nonresponsiveness to
day length or signals downstream in the hypothalamic-
pituitary-gonadalaxisarealsoimplicatedawaitsfurther
analyses.
Photoperiod nonresponsiveness in deer mice is trait-
speciﬁc. In short days, decreases in plasma PRL con-
centrations are comparable in reproductively respon-
sive and nonresponsive mice (Blank and Desjardins,
1986);thisisalsothecaseinfemaleprairievoles(Smale
et al., 1985). Thus, short-day signals sufﬁcient to mod-
ulate some photoperiodic traits are transmitted to the
pituitary gland, even as others retain the long-day phe-
notype. It is therefore more appropriate to designate
speciﬁc traits, rather than individual animals, as non-
responsive to short day lengths (Nelson, 1987; Zucker,
1988).
2. Siberian Hamsters (Phodopus sungorus)
Genetic factors strongly inﬂuence responsiveness
to day length in Siberian hamsters. The ﬁrst bidi-
rectional selection experiments conducted by Lynch
and colleagues yielded inbred strains of nonresponder
Siberian hamsters in which four generations of selec-
tion against responsiveness to short days resulted in
>90% nonresponsiveness to short days (Lynch et al.,
1989; Kliman and Lynch, 1992). Across several exper-
iments, estimates of heritability ranged from h2 =0.20
to h2 =0.52 (moderate to strong; Lynch et al., 1989;
Kliman and Lynch, 1992). It appeared that selection
acted primarily on the period (τ) of the circadian
pacemaker (Puchalski and Lynch, 1994; Freeman and
Goldman, 1997a,b). Nocturnal photoperiodic rodents
typically expand the duration of nightly locomotor ac-
tivity (α) on transfer from long to short days. The du-
ration of α is proportional to the duration of nightly
melatonin secretion, both consequences of the en-
trained phase of the circadian pacemaker (Elliott and
Tamarkin, 1994). Hamsters with large (>24 hr) val-
ues of τ were reproductively nonresponsive to short
days; their pattern of circadian entrainment was char-
acterized by a compressed α under short photoperi-
ods (Fig. 13) (Puchalski and Lynch, 1986; Freeman Fig. 13
and Goldman, 1997a). The short-duration (6 hr/night)
melatonin secretory pattern associated with a com-
pressed α is incompatible with testicular regression
in this species (Goldman et al., 1984; Bartness et al.,
1993).
The short-day signal transduction pathway is al-
tered at the level of the circadian clock in the SCN
of genetic nonresponders (Margraf et al., 1991). Con-
sequently, these animals do not exhibit the normal
short-day pattern of entrainment of circadian rhythms
(Puchalski and Lynch, 1988). Unlike photoresponsive
conspeciﬁcs, they generate a melatonin signal in short
day lengths that differs little from the normal long-
day pattern. In terms of circadian time (CT), the on-
set of subjective night (CT12) is phase delayed by
at least 4–6 hr, and circadian α and the duration of
melatonin secretion are consequently truncated; these
animals never register or encode their presence in
short days. Nonresponsiveness is reversed either by
manipulations of the circadian system early in life
(Freeman and Goldman, 1997b) or by prolonged ex-
posure to continuous darkness in adulthood (Freeman
and Goldman, 1997a). Each of these treatments recal-
ibrates the circadian system and results in an expan-
sion of α and a corresponding expansion of nightly
melatonin secretion (Freeman and Goldman, 1997a).
Photoperiod-nonresponsiveSiberianhamsterswerere-
productively responsive to exogenous short-day-like
melatonin treatments; this suggests that components
of the reproductive axis downstream of the pineal
gland function normally in these morphs (Puchalski
and Lynch, 1988).
Nonresponsiveness to short days can also be in-
duced in otherwise responsive individuals by appro-
priatelytimedphotoperiodmanipulations.In>85%of
hamsters, exposure to long day lengths (e.g., 18L) for
10 weeks prevented α from expanding on subsequent
exposure to short days (Fig. 13). It was inferred that
a compressed pattern of nocturnal melatonin secretion
in these animals is incompatible with the regression of
the reproductive apparatus under short photoperiods
(Gorman and Zucker, 1997; Prendergast and Freeman,
1999). Environmentally induced nonresponsiveness
is qualitatively similar to genetic nonresponsivenessP1: FJS
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15L
10L
18L
10L
FIGURE 13 Double-plotted circadian locomotor activity rhythms of a photoresponsive
(left) and nonresponsive (right) male Siberian hamster housed in a short day photoperiod
(10L:14D) beginning on the day 7 of the record. The responsive hamster was previously
housedin15L:9D,whereasthenonresponsivehamsterhadbeenkeptin18L:6D.Blackand
whitebarsatthetopoftheﬁguresindicatetimesofdarkandlightphases,respectively.The
upper and lower bars represent the initial and ﬁnal photoperiod conditions, respectively.
From Prendergast and Freeman (1999).
in that α remains compressed in short day lengths.
The mechanisms by which the circadian system is
transformed by an episode of 18L so as to render
hamsters unresponsive to short days remain unknown.
Environmental induction of nonresponsiveness may
reﬂect changes in coupling strength among circadian
oscillators induced during the 18L treatment (Gorman
and Zucker, 1997).
Environmental induction of nonresponsiveness by
very long day lengths may be functionally signiﬁcant
in the wild. Siberian hamsters that attain reproductive
competencepriortothesummersolsticeareunlikelyto
survivethewinterorlivetobreedagaininthefollowing
summer. A failure to respond to short days with repro-
ductive inhibition may constitute a go-for-broke strat-
egy that sometimes permits successful breeding during
milder than normal winters or if animals have access to
adequate food resources (Gorman and Zucker, 1997).
The existence of long-day-induced nonresponsiveness
in other short-lived photoperiodic rodent species (e.g.,
Peromyscus sp.) would buttress such a functional ac-
count, as would data on successful rearing of winter-
born young during mild winters.
Inseveralrodentspecies,socialcuesinﬂuencerepro-
ductive responses to short days (Whitsett and Lawton,
1982). Long-day male hamsters failed to undergo go-
nadal regression when paired with a reproductively ac-
tive long-day female on the day of transfer to short
days (Hegstrom and Breedlove, 1999a). On the as-
sumption that these males have normal short-day pat-
terns of melatonin secretion, it appears that contact
with fecund heterosexual conspeciﬁcs masks the in-
hibitory effects of long-duration melatonin signals.
This form of nonresponsiveness operates differently
from the one previously described in that responsive-
ness to an otherwise inhibitory melatonin signal is
changed.
Advanced age also may increase the likelihood of
nonresponsiveness to short days. After approximately
1 year of age, most male hamsters failed to undergo go-
nadal regression when exposed to short days (Bernard
et al., 1997). In this study, hamsters were housed in
alternating cycles of 16L and 6L; thus, advanced age
was confounded with increased duration of exposure
to long photoperiods, as well as intermittent episodes
of exposure to short days, both of which are known toP1: FJS
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induce nonresponsiveness to short days (Gorman and
Zucker, 1997; Prendergast et al., 2000).
C. Nonreproductive Traits
in Photoperiod Nonresponders
Short-day responses of photoperiodic Siberian ham-
sters include several energy-saving adaptations such as
decreased body weight (Hoffmann, 1982), fur molt
(Duncan and Goldman, 1984), increased nest con-
struction, daily torpor (Puchalski et al., 1988; Ruf and
Heldmaier, 1992), and decreased food intake and
burrowing activity (Puchalski et al., 1988; Fine and
Bartness, 1996). Siberian hamsters, in common with
other daily heterotherms, continue to forage through-
out the winter; bouts of torpor permit a savings of
approximately 20% in daily energy expenditure (Ruf
and Heldmaier, 1992). Few studies have assessed the
status of nonreproductive traits in animals that failed
to undergo regression of the reproductive apparatus
in short days. Exposure to low ambient temperatures
(Ta;1 0 ◦C) and short days suppressed burrowing and
increased nest-building activity in reproductively re-
sponsive Siberian hamsters, but nonresponder ham-
sters did not exhibit these thermoregulatory adapta-
tions (Puchalski et al., 1988). Concomitant exposure
to low Ta (5◦C), however, decreased the incidence of
reproductive nonresponsiveness to short days (Larkin
et al., 2001).
Reproductivenonresponderprairievolesmaintained
in short days at 22◦C did not differ from responders in
food intake, basal metabolic rate (BMR), capacity for
nonshivering thermogenesis, or collection of nesting
material (Moffatt et al., 1993). Thus, energetic traits
and reproduction responded differently to short day
lengths. A similar pattern of results was observed in
responder and nonresponder deer mice, except that
nonresponder deer mice exhibited a long-day pattern
of nest building in short days (Moffatt et al., 1993).
The maintenance of long-day reproductive function
and short-day metabolic adaptations are not incompat-
ible. The coexistence of several short-day traits with re-
productive nonresponsiveness suggests that the former
may be controlled by photoperiodic signals other than
melatonin; alternatively, if such traits are indeed con-
trolled by melatonin, then the melatonin signal trans-
ductionpathwaysthataredisabledoroverriddeninthe
reproductive axis of nonresponders remain functional
in other physiological systems.
Whennonrespondersareexposedtochallengingen-
vironmental conditions, the energetic costs associated
with reproductive nonresponsiveness become appar-
ent. Nonresponder deer mice did not decrease their
body weight in short days (Ruf et al., 1997), an adapta-
tion that normally lowers the cost of thermoregulation
(Dark and Zucker, 1985, 1986b); consequently, nonre-
sponder deer mice ate more food under simulated win-
ter conditions. Unlike prairie voles, nonresponder deer
mice failed to develop a short-day behavioral-energetic
phenotype.Thisisenergeticallycostly—inshortdaysat
5◦C,dailyenergyrequirementswerereducedby13%in
photoresponsive males, compared to an increase of 8%
innonresponsiveanimals(Rufetal.,1997).Undersim-
ulated winter conditions, individuals with a propen-
sity for reproductive nonresponsiveness to short day
lengths may become responsive when additional win-
ter cues (decreased food availability and low ambient
temperature)arepresent(Kriegsfeldetal.,2000;Larkin
et al., 2001).
D. Summary
Photoperiod, which by itself confers no ﬁtness ben-
eﬁts, serves as a nearly noise-free proximate cue that is
highly predictive of seasonal changes in biotic and abi-
otic factors that impinge on reproduction (Goldman
and Nelson, 1993). Photoperiodic control of reproduc-
tion is thus an adaptive response to the challenges of a
seasonally changing environment. Populations of pho-
toperiodic rodents contain a substantial proportion of
individuals that do not adopt a photoperiodic breed-
ing strategy and instead ignore inhibitory day-length
signals. Presumably, in nature these individuals mate
and attempt to rear young during the energetically un-
favorable winter months. Although animals that breed
continuously may have higher direct ﬁtness than those
that only breed seasonally, animals whose offspring do
not survive to maturity achieve no reproductive suc-
cess and may even lose residual reproductive value
(Clutton-Brock, 1991). Maternal energetic constraints
in female nonresponders have yet to receive experi-
mental attention, but may ultimately dictate the ﬁt-
ness associated with winter breeding on a year-to-year
basis.P1: FJS
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The mechanisms by which the reproductive neu-
roendocrinesystemfailstorespondtoshort-daysignals
vary substantially among rodent species. Comparative
studies of nonresponsiveness indicate that pre- vs
postpineal-based mechanisms are critical to under-
standing species differences in the mediation of non-
responsiveness. In deer mice, a global short-day signal
emanates from the pineal gland and is subsequently
disregarded by some behavioral and physiological ef-
fector systems; short-day responses can occur or not
occur independently in the same organism. In Siberian
hamsters, no such signal escapes the pineal.
VIII. SEASONAL RHYTHMS IN PRIMATES
A. Nonhuman Primates
With few exceptions, the proximate mechanisms
for seasonal rhythms in nonhuman primates remain
uncharted. Lindburg (1987) noted that discrete birth
seasonshavebeenconclusivelyestablishedorareprob-
able for some two dozen species of nonhuman pri-
mates. Other species, although they have birth peaks,
produce some young at all times of year, and lorises,
mangabeys,andAsiancolobineshavebirthsevenlydis-
tributed throughout the year. This pattern reﬂects the
dependence of primate reproduction on food availabil-
ityintropicalforests.VanSchaikandcolleagues(1993)
notedthat“tropicalplantsdisplaynearlyeverypossible Au: please
provide
page for
quotation
phenologicalbehavior,fromnearcontinuousactivityto
repeated brief bursts, and from complete intraspeciﬁc
synchrony to complete asynchrony” in leaﬁng, ﬂower-
ing, and fruiting.
Prosimians are among the most seasonal of pri-
mates. In southwest Madagascar, lemurs (Propithecus
verreauxi) give birth mainly between June and August.
Although there is a lack of sexual dimorphism in body
mass during most of the year, females undergo signiﬁ-
cantly greater reductions in body mass than males dur-
ing the dry season of low food availability. This is criti-
cal because the female’s body mass determines whether
she will give birth the following season (Richard et al.,
2000).
Thelessermouselemur(Microcebusmurinus),asmall
nocturnal prosimian, generates robust seasonal varia-
tions in blood testosterone concentrations reminiscent
of those of many nocturnal rodents—blood values are
high in males kept in long day lengths and low in those
keptinshortdays(Perret,1992).Thetimingofpuberty
alsoiscontrolledbydaylength.Thesocialenvironment
alters the sexual activity of males housed in hetero-
sexual groups such that behavioral and physiological
indices of reproductive competence are depressed in
all but the dominant male by cues emanating from the
urineofthisindividual(Perret,1992).Amaskingeffect
ofhormones,linkedtoadrenocorticalactivity,overrides
the photoperiodic mechanism that otherwise controls
reproduction (Perret, 1992).
After 14 weeks in long day lengths, during which
male mouse lemurs sustain high testosterone concen-
trations, androgen secretion diminishes and gonadal
regression is completed 6 weeks later. Transfer to short
days or maintenance in long days at this time sustains
reproductive quiescence for several weeks, but after
a ﬁxed interval testicular recrudescence ensues in ei-
ther photoperiod (Perret and Schilling, 1993). This se-
quence of events is suggestive of a Type II reproductive
cycle.
The longevity of lesser mouse lemurs may be de-
termined by the number of seasonal cycles. Lemurs
exposed to an accelerated annual photoregimen that
alternated 5 months of long days with 3 months of
short days (i.e., an 8-month year) had a life span of
45.5monthscomparedto63.2monthsforlemurskept
ina12-monthphotocycle.Maximumlifespanalsowas
reduced in the ﬁrst group (Perret, 1997). The 30% re-
duction in longevity is not due to desynchronization
of reproductive rhythms or time spent in the active
mode; the expression of a ﬁxed number of seasonal cy-
clesratherthanchronologicalagepersemaydetermine
longevity (Perret, 1997).
Among new world primates, squirrel monkeys
(Saimiri sciureus) are highly seasonal, with births re-
stricted to a 3–5 month interval each year. In a cap-
tive colony exposed to natural day length variations
in California, 87% of births were recorded between
May and September (Kaplan, 1977). Squirrel monkeys
housed indoors for 3 years in a 14L photoperiod sus-
tained marked annual rhythms; full-term pregnancies
usually terminated in the months of August–October.
Striking annual body mass rhythms and variations in
testicular size also persisted under constant conditions
(Clewe, 1969). These rhythms may be generated by aP1: FJS
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Type II circannual mechanism, but a ﬁrm conclusion
is not possible in the absence of data from individual
animals.
The presence of multiple females in a captive colony
of squirrel monkeys facilitated reproduction in both
sexes (Schiml et al., 1996), but the suggestion that sea-
sonality in male primates is contingent on exposure
to females is not supported by other studies of squir-
rel monkeys (Schiml et al., 1999) and rhesus monkeys
(Herndon et al., 1996). Other New World primates,
such as howler and spider monkeys, breed throughout
the year (Lindburg, 1987).
The rhesus macaque (Macacamulatta) is perhaps the
best exemplar of seasonality among Old World mon-
keys. Long the monkey of choice in laboratory studies
of behavior and endocrinology, this species has con-
tributed disproportionately to assessments of season-
ality in Old World primates. In the ﬁeld in India at
latitudes between 24 and 31◦N, approximately 80% of
rhesus births occur between March and May and none
between November and March (reviewed by Lindburg,
1987). The endogenous nature of rhesus reproductive
rhythms was suggested by the observation that clear
seasonal rhythms in plasma testosterone secretion per-
sisted in males housed in a 14L photoperiod for up to
3years(Fig.14)(Plantetal.,1974;MichaelandBonsall, Fig. 14
1977). The rhythm appears to free-run with a period of
approximately13months(MichaelandBonsall,1977).
Individually housed male rhesus monkeys that were
maintained in a 13-hr day length for 14 months gen-
erated clear rhythms in serum concentrations of PRL,
LH, and testosterone, but not FSH (Beck and Wuttke,
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FIGURE 14 Annual changes in plasma androgen concentrations in a male rhesus monkeys main-
tained in the laboratory in constant photoperiod and temperature. From Michael and Bonsall
(1977).
1979). The absence of interindividual synchrony in the
timing of PRL peaks suggests that the rhythms were
free-running, each with its characteristic endogenous
period; this again suggests a Type II circannual organi-
zation. In the most comprehensive study, males were
kept for up to 4 years in a constant laboratory environ-
ment with no apparent changes in the LD cycle, hu-
midity,ortemperature.Markedcircannualvariationsin
spermatogenesis, testicular volume, spontaneous and
provoked ejaculations, and sperm output were noted,
with maximal values in the autumn and winter, corre-
sponding to the time of the mating season in the natu-
ral habitat (Wicklings and Nieschlag, 1980). Compara-
ble data are lacking for females maintained for several
years in unvarying environmental conditions, although
Riesen and colleagues (1971) established that female
rhesus monkeys sustain seasonal anovulatory rhythms
when housed for several years in a ﬁxed 13-hr day
length.
Changes in day length are sufﬁcient to entrain the
annual rhythms of rhesus monkeys. Males housed in-
doorsandexposedtoalternating16-weekcyclesof16L
and8L,manifestedreproductiverhythmswithaperiod
of 31±1.3 weeks; there was no evidence of 52-week
periodicityintestisgrowth,plasmatestosterone,orPRL
concentrations. Day-length variation is also posited as
the proximate synchronizer of rhythms of testosterone,
dihydrotestosterone, frequencies of mounts and ejacu-
lations, number of female partners, courtship displays,
and aggression in Japanese macaques (Macaca fuscata)
(Rostal et al., 1986). On the other hand, there was no
systematic evidence of seasonal rhythms in testis size,P1: FJS
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plasma testosterone concentrations, copulation, mas-
turbation, aggression, or body mass, although season-
ality in grooming and branch shaking were evident
among a mixed-sex group of stump-tailed macaques
(Macaca arctoides) exposed to natural variations of
day length in the Netherlands (Nieuwenhuijsen et al.,
1987).
The physiological mechanisms that mediate sea-
sonality in female primates have been assessed most
thoroughly in rhesus monkeys. Analyses by Wilson,
Gordon, and colleagues, conﬁrmed that ovulation was
restricted to the months of August–March in a group
housed outdoors in Atlanta, GA (cf. Riesen etal., 1971)
and that estradiol failed to induce gonadotropin surges
duringthesummermonthsatatimewhenendogenous
concentrations of gonadotropins and ovarian steroids
arelow(Riesenetal.,1971).EstradiolloweredbasalLH
concentrations to a greater extent in ovariectomized
females treated during the summer anovulatory sea-
son than during the fall–winter season, during which
ovulation ordinarily occurs. As in hamsters and sheep,
the negative feedback sensitivity of gonadotropin se-
cretion to steroid hormones increases during the non-
breeding season. As is also true for hamsters, squirrels,
and sheep, steroid-independent seasonal regulation of
gonadotropin secretion operates in rhesus females—
untreated ovariectomized females generated LH pulses
with a lower frequency in summer than fall (Wilson
et al., 1987).
Behavioralresponsivenesstoestradiolalsovariessea-
sonally in rhesus macaques. Ovariectomized females
treated with estradiol engaged in heterosexual behav-
ior during the breeding season but not during the
nonbreeding season (Fig. 15). Estradiol treatment did Fig. 15
provoke homosexual behavior in females during both
treatment intervals (Pope et al., 1987). The duration
of female proximity to males was inﬂuenced by sea-
son, but not by estradiol, and the percentage of time
spent with nonkin was increased by estradiol, regard-
less of the time of year. Females were not attracted to
males during the nonbreeding season, as indicated by
an absence of proceptive behavior; nor were males in-
terested in females during this time of year, despite the
induction of high out-of season testosterone secretion.
Malesaswellasfemalesmayberefractorytobehavioral
actions of steroids during the nonbreeding season, as
previously established for rodents (see Section III).
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FIGURE 15 Percentage of observation days during the sum-
mer (May–July) and autumn (September–November) on which
ovariectomized female rhesus monkeys treated with empty or
estradiol-ﬁlled capsules engaged in copulatory behavior. Im-
plants that mimicked late-follicular (100 pg/ml) and periovula-
tory(190pg/ml)estradiolconcentrationselicitedcopulatorybe-
havioronlyduringtheautumnmonths.FromPopeetal.(1987).
Thefemales’reproductivestateandhistoryinﬂuence
seasonality of ovulation. Young nulliparous and lactat-
ing female rhesus monkeys have a later onset and ear-
lier termination of ovulatory cycles and thus a shorter
ovulatoryseasonthanadultnonlactatingfemales(Pope
etal., 1986). Lactation delays ovulation by 2–3 months
in this species. Age and reproductive history interact to
affect seasonality in female Japanese macaques. Three-
year-old prepubertal females have low LH concentra-
tions throughout the breeding season; 4 to 17-year-old
females have elevated LH from September to January
during exposure to natural day lengths in Japan. The
most marked seasonal LH rhythms are observed in
postmenopausal females and reﬂect decreased sensitiv-
ity to negative feedback inhibition by estradiol during
the breeding season (Nozaki et al., 1995).
There is little evidence for seasonality of reproduc-
tion among the apes (Lindburg, 1987; Watts, 1998).
Savanna baboons at the equator in Kenya experience
two rainy seasons with two intervening dry seasons
each year, but display no signiﬁcant birth seasonality;
nor is the number of births per year signiﬁcantly cor-
related with rainfall (Bercovitch and Harding, 1993).
Birth seasonality has not been reported for this species
at any locale in Africa. A month by month analysis ofP1: FJS
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free-ranging chimpanzees in Tanzania at 5◦S reveals
a random distribution of conceptions throughout the
year for the years 1967–1978, whereas for the interval
1979–1990, 78% of conceptions occurred during the
dry season. The reasons for the change over time are
unknown and may simply reﬂect stochastic processes
associated with small sample size or variations in food
availability (Wallis, 1997).
AmongmountaingorillasinRwanda,themeannum-
ber of births per female varies little across months
and conception is not dependent on monthly rainfall
(Watts, 1998). Gorillas at this site feed on perennially
available herbaceous vegetation, so seasonal shortages
in food availability are not a factor; rainfall, however, is
thought to contribute to seasonal patterns of mortality
and respiratory infections (Watts, 1998).
Dietary diversity, the extent to which primates rely
on speciﬁc food types and the readiness with which
they switch between food items, may contribute to the
evolution of seasonal rhythms in reproduction (e.g.,
Bercovitch and Harding, 1993; Jablonski et al., 2000).
Dietary diversity ameliorates seasonal variations in the
availability of particular food and may be a necessary
but not sufﬁcient condition for nonseasonal reproduc-
tion (Bercovitch and Harding, 1993; van Schaik et al.,
1993).
As the foregoing analysis indicates, no single pattern
of seasonality is discernable among the many nonhu-
man primates. Thus, noninvasive fecal hormone anal-
ysis of individual female hanuman langurs (Presbytis
entellus) in Nepal indicated that ovulatory cycles and
estrous behavior were restricted to the period July–
October, during which most conceptions occurred
(Ziegler et al., 2000). In contrast, Struhsaker (1997)
found no evidence of a restricted birth season in any of
ﬁve monkey species in a tropical rainforest in Kimbale.
Insomespecies,conceptionisassociatedwiththepres-
ence of abundant food, and at the time of parturition
both food availability and quality are at their worst
(Ziegler et al., 2000). In other species, the opposite re-
lation obtains (Struhsaker, 1997). The prevalence and
usefulness of seasonality depends on local conditions.
B. Humans
Given humans’ ability to buffer themselves from the
environment,thenumberanddiversityofhumantraits
that vary seasonally is impressive. Depression, stroke,
suicide, sudden infant death, cardiac arrest, infections,
homicides, battering of women, rape, hip fractures
among the newborn, multiple sclerosis, intracerebral
hemorrhage, autism, and nonpathological functions
such as breastfeeding, hormone secretion, food con-
sumption, and energy expenditure are but a subset of
human traits that vary seasonally. It is not unlikely that
sensoryandmotorcapacityandperhapsevencognitive
function change on a seasonal basis. Given the preva-
lence of and interest in human seasonal rhythms, it is
disappointingandsurprisingthattheunderlyingmech-
anisms are essentially unknown.
The discussion that follows neglects descriptive ac-
counts of human seasonal rhythms and focuses on his-
torical and evolutionary trends that contribute to the
ameliorationofseasonalityinourspecies.Theperspec-
tive gained thereby may facilitate the understanding of
contemporary human seasonal rhythms.
1. Evolution and Human Seasonality
Early hominids originated in Africa. The devel-
opment of human-like attributes, such as increased
bipedalism and hunting, coincided with a decline in
global temperatures during the middle Pliocene and
theemergenceofmosaichabitatsfarmoreseasonalthan
previously(Foley,1993).Earliesthuman-likefossilsare
found in a region that today is characterized by 4- to
10-month dry seasons, which may also have pre-
vailed during the Pleistocene (Speth, 1987). The abil-
ity to contend with drought and the associated nutri-
tional stress are considered key features in hominid
evolution (Foley, 1993). The savanna occupied by
our early ancestors was marked by striking sea-
sonal variation in plant and animal resources. For
extended periods each year, hunting and scaveng-
ing were unlikely to have provided adequate sus-
tenance, in part because deterioration of grazing
and browsing matter during drought renders the
meat of game animals marginally nutritious (Stewart,
1994). Evidence from the late Pleistocene suggests that
hominids relied heavily on ﬁsh when other foods were
scarce or of low quality (Stewart, 1994). They may also
have built up fat reserves to ameliorate seasonal food
shortages (Speth, 1987).
Thermoregulatory stress from extreme winter condi-
tionsisthoughttohavelimitedtheexpansionofAfricanP1: FJS
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hominids from tropical and warmer mid-latitudes to
more temperate and boreal regions (Foley, 1993). Fo-
ley suggests that mid-Pleistocene hominids colonized
warmer latitudes during times of relative warmth and
probably went locally extinct with advent of colder
climatic conditions. The European Neanderthals of
approximately 200,000 years ago permanently occu-
pied sites with temperature minima equivalent to those
at present-day latitudes of 50–60◦N. The nasal and
facial morphology and changed limb-bone propor-
tionsofNeanderthalspromotedcoldtolerance.Bycon-
trast, the modern humans who subsequently displaced
Neanderthals in these regions lacked such structural
specializations (Potts, 1998). Modern humans, dating
from 40,000–50,000 years ago, were able to colonize
the entire Earth not by habitat-speciﬁc adaptations but
by relying on increased cognitive and behavioral ca-
pacity, which necessarily presupposes increased brain
development or cognitive function. The increased use
of ﬁre, improved weapons for hunting, language for
communication, and animals skins for warmth all con-
tributedtothisdevelopment(Foley,1993;Potts,1998).
The past 18,000 years have seen some of the largest
climatic changes in Earth’s history (Webb, 1993) with
large temperature changes in mid- to high latitudes
accompanied by signiﬁcant alterations in atmospheric
circulation and moisture balance. The two principal
causes are seasonal variations in insulation and the
melting of the ice sheets. The heightened seasonality
of northern hemispheric solar radiation from 12,000–
6000 years ago increased the seasonality of northern
hemispheric climates, bringing warmer summers and
cooler winters (Kutzback and Webb, 1993). The de-
velopment of agriculture some 12,000 years ago led
to the eventual wordwide settlement of agrarian soci-
eties8000–3000yearsbeforepresent.Duringthistime,
the climate of Earth was highly variable compared to
preceding and succeeding millennia (Sandweiss et al.,
1999).
2. Human Seasonal Reproductive Rhythms
Environmentalfactors,nottheleastbeingfoodavail-
ability, contribute to seasonal variations in human
births (Roenneberg and Aschoff, 1990a,b; Bronson,
1995). With rare exceptions, these rhythms pale in
comparison to those of most mammals; peak to trough
variations usually are in the range of 10–20%. Thus,
reproduction occurs throughout the year and is not
truly seasonal unless driven by food shortages or reli-
gious and cultural customs. Bronson (1995) concludes
that there is little evidence that such rhythms that exist
are generated by a circannual mechanism or are subject
to photoperiodic regulation. The contention that cul-
tural factors are more important than direct environ-
mental signals (Bronson, 1995) is borne out by reports
that the seasonality of ﬁrst coitus is more pronounced
amongadolescents,13–18yearsold,thanamongthose
19–25 years of age (Rodgers et al., 1992), that tax
laws inﬂuence human birth times (Dickert-Conlin and
Chandra, 1999), and that a taboo on sexual relations
during the yam-growing season in one New Guinea so-
ciety is associated with pronounced birth seasonality
(Brewis et al., 1996).
Much evidence suggests that shortages in metabolic
energy are sufﬁcient to suppress reproduction in all
mammals, with females far more sensitive than males
and puberty the most sensitive part of the life cy-
cle (Bronson, 1989; Bronson and Heideman, 1994).
Shortages in energy impact the neuroendocrine mech-
anism that controls ovulation. Speciﬁcally, the GnRH
pulse generator stops functioning when energy sup-
plies are restricted or expenditures are very great, as
in anorectic women or athletes (Bronson, 1995). Stud-
ies of subsistence foragers, agriculturists, and pastoral-
ists suggest this mechanism impacts human reproduc-
tion (Bronson, 1995; Bentley, 1999). For example, the
Ache people, contemporary hunter-gatherers in east-
ern Paraguay, do not practice horticulture and have
little contact with outsiders. The scarce food period
for these people is associated with lowest conception
rates (Hill and Hurtado, 1996). Given that seasonal
food shortages are common among rural populations
throughout the world, it is little wonder that there
are associated ﬂuctuations in conception and birth
peaks.
3. Melatonin and Human Reproduction
Humans,incommonwithallothermammals,secrete
melatonin nearly exclusively at night, and exposure
to light at night interrupts melatonin secretion (Wehr,
1997). In urban environments with artiﬁcial lighting,
people differ in the extent to which the duration of
nocturnal melatonin secretion corresponds to seasonal
changes in day length (Wehr, 1997; Vondrasova et al.,P1: FJS
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1997). For example, at latitudes of 35◦,3 9 ◦, and 50◦N,
there were no seasonal differences in the duration of
nocturnal melatonin secretion, even though day length
varied from 8 to 16 hr (Vondrasova et al., 1997). When
exposuretoartiﬁciallightingwaseliminated,nocturnal
melatonindurationwas6hoursinsummerand8hours
in winter. Vondrasova and colleagues (1997) suggest
that during the Middle Ages, when people worked the
ﬁelds from dawn to dusk, summer vs winter melatonin
durations may have differed by as many as 4 hours at
50◦N. If this was so, then an uncoupling of melatonin
secretion from gonadotropin regulatory mechanisms
must have been in place for many centuries in Homo
sapiens. Otherwise seasonal rhythms in human repro-
duction would be far more pronounced in preindus-
trial societies than is indicated by the historical record
(Lummaaetal.,1998).Thereisnoconvincingevidence
for a functional relation of human reproduction and
melatonin (Reiter, 1998).
Most human seasonal rhythms appear to be of the
Type III variety and represent direct responses to
environmental signals. Seasonal variations in viruses
presentatbirthmayaccountforthegreaterincidenceof
earlyadultonsetofschizophreniainindividualsbornin
winter (Pulver et al., 1983), just as changes in weather
contribute to increased mortality from coronary dis-
ease (Kloner et al., 1999). The consideration of these
manyrhythmsisbeyondourscope(see,e.g.,Johnston,
1993).
4. What Can Animal Studies Tell Us
about Human Seasonality?
Animal research provides a conceptual framework
for the exegesis and manipulation of human seasonal
rhythms.Lessonslearnedfromresearchonrodentsand
monkeys raise the possibility that hormone treatments
will be effective in modifying behavior at one but not
another stage of the annual cycle. The demonstration
that drugs and hormones phase-shift annual rhythms
at some but not other stages of the annual cycle can
open the way for rational drug treatments for human
rhythm dysfunction. Limits to the usefulness of animal
models are apparent, however, when we consider that
the many social, religious, and cultural customs that
inﬂuence human seasonality have no parallels in the
animal kingdom.
IX. SEASONAL RHYTHMS IN
NONREPRODUCTIVE TRAITS
A. Food Intake and Body Mass
Annual changes in day length regulate several com-
ponents of energy balance, including adjustments in
foodintakeandbodymass,traditionallycentralinstud-
ies of hormone-brain-behavior interactions (Mercer,
1998). Individuals of several species of rodents un-
dergo seasonal shifts in body mass. Sciurid rodents
(e.g., squirrels and woodchucks) undergo a summer
fattening prior to entering hibernation; increased adi-
posity provides a convenient energy store, as well as
insulation (Davis, 1976; Dark et al., 1992). During hi-
bernation, fat stores are slowly oxidized to provide the
energy essential for overwinter survival. The annual
ﬂuctuations of body mass in sciurid rodents are con-
trolled by an endogenous circannual biological clock
and persist for years, even when the animals are main-
tained in laboratories under constant environmental
conditions(BarnesandYork,1990;HellerandPoulson,
1970; Mrosovsky, 1985). Synchronization of this cycle
between individuals and entrainment to a period of
12 months is effected by changes in day length (Lee
and Zucker, 1991).
In muroid rodents (e.g., deer mice, Peromyscus
spp.; hamsters, Mesocricetus and Phodopus spp.; voles,
Microtus spp.; and lemmings, Dicrostonyx, Lemmus
spp.), body mass and food intake decrease during late
summer and autumn in response to decreasing day
lengths (Fig. 16) (Bartness and Wade, 1985; Loudon, Fig. 16
1994; Kriegsfeld and Nelson, 1996). Short days trigger
anincreaseinbodyfatstoresinSyrianhamsterswithout
corresponding changes in food intake, suggesting that
photoperiod affects metabolic pathways (Bartness and
Wade, 1984). This does not exclude metabolic changes
independent of changes in the activity of the gonadal
axis.Collaredlemmings(Dicrostonyxgroenlandicus)also
mayincreasebodymassbyasmuchas50%whentrans-
ferred from long to short photoperiods (Nagy, 1993).
Prairie voles (M. ochrogaster) increase body mass in
short days (Kriegsfeld and Nelson, 1996), the increase
being greater in gonadectomized than intact males.
Body mass also increased at a greater rate in short than
in long day lengths in intact and ovariectomized fe-
males. Thus in both sexes, photoperiod affects bodyP1: FJS
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FIGURE 16 Daily food intake in adult male Siberian hamsters
over the course of 14 days beginning 10 weeks after transfer to
long or short days. From Fine and Bartness (1996).
mass via both steroid-dependent and -independent
mechanisms (Kriegsfeld and Nelson, 1996).
Other muroid species undergo a regulated decrease
in body mass in anticipation of winter. Lowered body
mass results in a greater surface-to-volume ratio, in-
creased heat loss to the environment, and decreased
insulation, but these effects apparently are more than
compensated for by the reduced energy requirements
of a smaller body mass (Dark and Zucker, 1985). Re-
ductions in foraging time and concomitant exposure to
unfavorable climatic conditions presumably enhance
survival. Meadow voles are representative of several
speciesthatdecreasetheirfoodintakebeforebodymass
declines in short day lengths; in contrast, the decrease
in body mass precedes the reduction in food intake
in Siberian hamsters (Bartness and Wade, 1985; Dark
andZucker,1983;Darketal.,1983b).Shortdaylengths
alsoreducebodymassinSiberianandDjungarianham-
sters (Phodopus sp.) (Bartness and Wade, 1985; Mercer
et al., 1994), deer mice (Ruf et al., 1997), European
hamsters (Cricetus cricetus), and several vole species
(Dark and Zucker, 1985).
Part of the loss in body mass is a consequence of re-
ductions in circulating blood plasma concentrations of
gonadal steroid hormones, but a steroid-independent
inﬂuence of day length on metabolism, mediated by
melatonin, has been implicated in Siberian hamsters
(Bartness and Wade, 1985). Male meadow voles (M.
pennsylvanicus) typically eat less food and reduce body
mass after castration (Dark and Zucker, 1984a), but in-
dividual voles vary markedly and lawfully in response
to hormone withdrawal. Males of identical age vary
in body mass from 35 g to >60 g, with virtually all
of the variation due to differences in the amounts of
white adipose tissue. Voles weighing >47 g lost mass,
whereas those weighing <47 g gained mass after cas-
tration (Dark et al., 1987). Testosterone replacement
reversed the effects of castration in the appropriate di-
rection for the heavy and light males. The individual
differencesinbody-fatcontentwerenotcorrelatedwith
blood plasma testosterone concentrations but, rather,
appeared to reﬂect differences in target tissue respon-
siveness to androgens (Dark et al., 1987).
The hormone leptin, produced by adipose tissue, in-
ﬂuencesseasonalbodymassregulationaswellasrepro-
ductive and immune function (Campﬁeld et al., 1995;
Finck et al., 1998; Schneider et al., 2000; Takahashi
et al., 1999). Leptin gene expression in white adi-
pose tissue (WAT) and brown adipose tissue (BAT)
of Siberian hamsters was markedly decreased in WAT
and BAT with acclimitization during winter, indepen-
dently of changes in ambient temperature, and largely
in response to shorter day lengths (Klingenspor et al.,
1996). Siberian hamsters treated with murine recom-
binant leptin for 10 days decreased food intake and
body mass, the latter due to the depletion of body fat.
The reduction in body-fat mass in response to leptin
treatments was greater in short- than long-day animals,
despite similar reductions in food intake (Klingenspor
et al., 2000). Leptin may mediate seasonal changes in
bodymassthatoccurindependentlyofchangesinfood
intake (Klingenspor et al., 1996).
Therelationsamongphotoperiod,leptin,andsteroid
hormones are complex. Body mass, body-fat content,
and serum leptin concentrations were correlated with
reproductiveresponsivenesstophotoperiodinSiberian
hamsters;short-dayanimalswithregressedgonadshad
reduced body-fat content and serum leptin concen-
trations, whereas short-day nonresponders resembled
long-day animals with relatively high body-fat content
and serum leptin concentrations (Drazen et al., 2000).
Body mass, percentage of body fat, and circulating
leptin concentrations are higher during the summer
thanwinterinbothyoungandmaturemares(FitzgeraldP1: FJS
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and McManus, 2000). The reproductive response to
short photoperiods or an inhibitory melatonin signal is
modiﬁed by energy availability, which may be signaled
by leptin (Fitzgerald and McManus, 2000). Leptin
may also mediate seasonal changes in body mass of
rhesus monkeys (Mann et al., 2000), sheep (Bocquier
et al., 1998), and little brown bats (Myotis lucifugus)
(Widmaier et al., 1997).
B. Stress Responses
Reduced food availability, in common with many
other energetic challenges, is a potent stressor. The
number and types of stressors vary seasonally (Breuner
et al., 1999). Many energetic adaptations apparently
evolved to attenuate the stress response during win-
ter; at this time energy shortages may limit animals’
abilities to cope with stress. A comprehensive view of
themechanismsunderlyingthestressresponserequires
the consideration of its temporal organization. The role
of circadian ﬂuctuations is outside the scope of this
chapter; the subject has been well reviewed elsewhere
(e.g.,Wetterberg,1999;Chrousos,1998;Dallmanetal.,
1993).
The primary endocrine components of the stress re-
sponse involve epinepherine and the glucocorticoids,
hormones that suppress energy storage and promote
energyusefromadiposeandliverstores(Sapolskyetal.,
2000). Although a relatively steady supply of energy
is required to sustain biological functions, daily and
seasonal ﬂuctuations occur in response to challenges
animals face. Most animals eat discontinuously, stor-
ing and accessing energy to maintain cellular func-
tion while engaged in nonfeeding activities. Eventu-
ally, however, the depletion of energy stores requires
replacement. In most habitats, food availability ﬂuc-
tuates on a daily and seasonal basis. For example,
outside the tropics, food availability is generally low
during the winter, whereas thermogenic energy de-
mands are typically high. Consequently, energy intake
and energy expenditures are often out of balance. A
stress response in the form of secreted glucocorti-
coids ensues whenever a signiﬁcant imbalance of en-
ergy is detected. The high energy demands associ-
ated with reproduction usually elicit stress responses
(Nelson and Drazen, 1999). Thus, glucocorticoids are
released during territorial defense or courtship behav-
iors.Whenenergyisinsufﬁcienttosupportbothrepro-
duction and thermoregulation, a prolonged stress re-
sponse can have pathological consequences (Sapolsky,
1998).
Glucocorticoids released in response to stressful
stimuli can compromise cellular and humoral immune
function,reproduction,digestion,growth,andvirtually
anyprocessthatconsumessigniﬁcantenergy(Sapolsky
et al., 2000). A direct link between melatonin and glu-
cocorticoidbiologyhasbeenestablished(Gupta,1990;
Maestroni, 1993, 1995; Maestroni and Conti, 1990;
Maier et al., 1994). Generally, melatonin and gluco-
corticosteroids enhance and compromise, respectively,
immune function (Aoyama et al., 1986, 1987). Mela-
tonin can ameliorate the immunocompromising effects
ofglucocorticosteroids(Persengievetal.,1991a,b),and
glucocorticosteroidscanreducetheimmunoenhancing
actions of melatonin (e.g., Poon et al., 1994).
Environmentalstressorselevatebloodglucocorticoid
concentrations, which in turn suppress immune func-
tion (Ader and Cohen, 1993; Baxter and Forsham,
1972; Besedovsky et al., 1986; Black, 1994). As pre-
viously noted, low ambient temperatures are often
stressfulandcanpotentiallycompromiseimmunefunc-
tion (Claman, 1972; MacMurray et al., 1983; Monjan,
1981). A positive balance between short-day enhanced
immune status and glucocorticoid-induced immuno-
suppression may be essential for winter survival in
smallmammals(NelsonandDrazen,1999;Sinclairand
Lochmiller, 2000). Overcrowding, increased competi-
tion for scarce resources, low temperatures, reduced
food availability, increased predator pressure, and lack
of shelter may each contribute to immunosuppression.
Eachofthesepotentialstressorsmayelevatebloodcon-
centrations of glucocorticoids. Winter breeding and
the concomitant increase in sex-steroid-hormone se-
cretionmayalsoresultinimmunocompromise(Nelson
and Demas, 1996; Lochmiller et al., 1994; Sinclair and
Lochmiller, 2000). Presumably, winter breeding occurs
when normal challenges from environmental stressors
such as low temperature and reduced food availabil-
ity are ameliorated. The advantages of winter repro-
duction must be balanced against the increased risks
of autoimmune disease and susceptibility to oppor-
tunistic pathogens and parasites associated with winter
steroidogenesis. Thus, reproductive and immune func-
tion seem intertwined.P1: FJS
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In general, studies of captive animals reveal an in-
verse relation between dominance and glucocorticoid
concentrations.However,thismaynotbethecaseinthe
wild. After capture, animals generally increase the se-
cretion of epinephrine and glucocorticoids, and blood
concentrations of steroids are generally much higher
at this time than several hours later (e.g., Licht et al.,
1983;MahmoudandLicht,1997;MendoncaandLicht,
1986; Orchinik et al., 1988). The assay of glucocorti-
coidby-productsintheurineorfecesoffreelybehaving
dwarf mongooses (Helogale parvula) and African wild
dogs (Lycos pictus) suggests that high-ranking animals
may be under high levels of social stress (Creel and
Creel, 1996).
Seasonal variations in glucocorticoids are inﬂuenced
by day length. Among Syrian hamsters, blood concen-
trations of glucocorticoids are lower in short than long
day lengths (De Souza and Meier, 1987; Ottenweiler
et al., 1987). Decreased glucocorticoid concentrations
inshortdayscanderivefromthesuppressionofadrenal
corticosteroid synthesis (e.g., Mehdi and Sandor,
1976) or enhanced negative feedback inhibition of
glucocorticoid secretion (Motta et al., 1967, 1969).
Glucocorticoid-sensitive hippocampal receptors, espe-
cially Type I, have been implicated in the negative feed-
back control of adrenal glucocorticoid secretion (e.g.,
Sapolsky et al., 1984; Herman et al., 1993; Fischette
etal.,1980).Changesincirculatingglucocorticoidcon-
centrations in short-day hamsters may be caused by
alterations in hippocampal Type I binding, glucocorti-
coid receptor mRNA expression, or both (Ronchi et al.,
1998).Totalhippocampalreceptorbindingwassigniﬁ-
cantlyelevatedinshort-dayhamster,comparedtolong-
day hamsters, after 8 weeks of treatment regardless of
gonadal-steroidstatus,primarilyduetoasigniﬁcantin-
crease in Type I receptor numbers in the former group.
Type I receptor levels were also signiﬁcantly elevated in
the hypothalamus, but not in cortical tissues, of short-
day animals (Ronchi et al., 1998). Basal corticosterone
and cortisol concentrations, gonadal mass, and testos-
terone concentrations did not differ between hamsters
housed for 4 weeks in long days vs short days (Ronchi
et al., 1998). Corticosteroid concentrations were simi-
larly elevated in both long- and short-day animals after
10 minutes of ether stress, but returned to baseline
values after 60 minutes in short-day, but not long-day,
hamsters (Fig. 17) (Ronchi et al., 1998). Short day Fig. 17
lengths reduce hypothalamo-pituitary-adrenal (HPA)
reactivity to the ether stress; this effect is evident after
2 months of short-day exposure (Ronchi et al., 1998).
Short-day exposure likewise reduces the magnitude of
the stress response elicited by exposure to low ambient
temperatures (Fig. 17) (Demas and Nelson, 1996).
Indeed, after only 18 days of exposure, hippocam-
pal mineralocorticoid-receptor mRNA expression was
increased in short- compared to long-day hamsters
(Lance et al., 1998). Up-regulation of mRNA expres-
sion was associated with increased adrenal-gland mass
in short days. The absence of changes in reproductive
organ function or circulating glucocorticoid concen-
trations, suggests that the brain-adrenal axis responds
relatively rapidly to changes in day length and may me-
diate short-day responses (Lance et al., 1998).
Thereisamarkedcircadianrhythminglucocorticoid
secretion. Increased glucocorticoid release just prior to
awakening each day elevates blood glucose concentra-
tions in anticipation of the increased energy demands
associated with wakefulness. On this basis, we might
expect increased glucocorticoid secretion during the
energetically demanding phases of the annual cycle
that encompass territorial defense, migration, low tem-
peratures, or food scarcity. Low ambient temperatures
and decreased food availability indeed evoke stress re-
sponses in mammals (reviewed in Nelson and Demas,
1996). Individual differences in stress responses are
common, however, and whether individuals are
stressed by a change in a speciﬁc environmental vari-
able is probably a complex function of individual and
species differences (Mason, 1975).
C. Immune Function
Seasonalcyclesofillnessanddeathaswellasbirthare
common among many mammalian populations (e.g.,
Bolinger et al., 1996; Bradley et al., 1980; Lochmiller
et al., 1994). Many stressful environmental conditions
areseasonallyrecurrent,andanimalsmayhaveevolved
mechanisms to combat seasonal stress-induced reduc-
tions in immune function (Nelson and Drazen, 1999;
Yellonetal.,1999;SinclairandLochmiller,2000).From
evolutionary and ecological perspectives, it is plausible
that ﬁtness would be increased in individuals that bol-
steredimmunefunctioninadvanceofseasonallyrecur-
ring immunosuppression.P1: FJS
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FIGURE 17 A. Concentrations of serum cortisol before and 10 or 60 min after exposure to
ether stress in long-term castrated male Syrian hamsters bearing testosterone implants and kept
in either long or short days. One hour after exposure, circulating cortisol concentrations were still
signiﬁcantly elevated in long-day, but not short-day, hamsters. [From Ronchi et al. (1998), Brain
Res. 780, 348–351, copyright 1998, with permission from Elsevier Science.] B. Corticosterone
concentrations of male deer mice housed in long (L16:D8) or short (L8:D16) days at 20◦Co r8 ◦C
for 10 weeks. Asterisk indicates value differs from that for all other groups. Short days ameliorated
the glucocorticoid response to thermal stressors. [From Demas and Nelson (1996). J.Biol.Rhythms
11, 94–102, c  1996 by Sage Publications, Reprinted by permission of Sage Publications, Inc.]
Several studies of laboratory-housed rodents docu-
ment enhanced immune function in short day lengths
(reviewed in Nelson and Demas, 1996; Nelson et al.,
1995, 1998); many ﬁeld studies also are consistent
with enhanced immune function and decreased dis-
ease prevalence during winter as compared to summer.
Several studies have, however, recorded the opposite
pattern of results (Nelson and Demas, 1996; Nelson
et al., 1995, 1998)—immune function compromised
during the short days of winter. Additional environ-
mental factors, not usually manipulated in laboratory
studies, may account for the discrepancy. For example,
winter-associatedstressorssuchasrestrictedfoodavail-
ability and low ambient temperatures counteract the
short-day enhancement of immune function in the lab-
oratory (reviewed in Demas and Nelson, 1996). Thus,
immune function should be enhanced and compro-
mised during mild and severe winters, respectively.P1: FJS
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Long-term ﬁeld studies are required to test this hy-
pothesis (see, e.g., Sinclair and Lochmiller, 2000). Al-
though the effects of melatonin on immunity are well
established (Caroleo et al., 1992; Giordano et al., 1993;
Persengiev etal., 1991b; Pioli etal., 1993; Nelson etal.,
2001), an understanding of how the ecological con-
text affects immune function is necessary to appreciate
that these actions of melatonin may be adaptive, rather
thanmerelyphysiologicaloddities.Understandingsea-
sonal ﬂuctuations in immune function may help deﬁne
the potential, as well as the constraints, of melatonin
immunotherapy.
Mounting an immune response requires energy. The
cascade of cellular events during the acute phase im-
mune response and inﬂammation and the elevation of
body temperature in response to cytokine activation
presumablyrequiresubstantialenergy,althoughprecise
quantiﬁcationislacking(HenkenandBrandsma,1982;
Maier et al., 1994; see later). Cytokine activation ele-
vatesbodytemperatureandtheenergyrequirementsof
inﬂammation and acute phase immune responses may
increase metabolic rates by more than 10% for each
degree of increase in body temperature (reviewed in
Grimble, 1994). In house mice (Mus musculus), the in-
jection of Keyhole Limpet Hemocyanin (KLH), a spe-
ciﬁc antigen that evokes an antibody response without
inducing fever or symptoms of illness, resulted in in-
creased oxygen consumption and metabolic heat pro-
duction. Risk of infection and mortality increase in ani-
mals whose energy deﬁcits impair the ability to sustain
immunity.
Stresscompromisesimmunefunction(seereviewsby
Ader and Cohen, 1993; Dunn, 1989; O’Leary, 1990;
Maier and Watkins, 1999). Prolonged or severe food
shortages may evoke the secretion of glucocorticoid
hormones (Nakano et al., 1987); glucocorticosteroids
actively compromise aspects of immune function
(Kelley, 1985; Maier et al., 1994; Munck and Guyre,
1991; see later), possibly by shunting energy from im-
munologicalprocessestoothersystemsneededforcop-
ing with stress (Sapolsky, 1992).
1. Energetics and Immune Function
Maintaining optimal immune function is energeti-
cally expensive; the cascades of dividing immune cells,
the onset and maintenance of inﬂamation and fever,
and the production of humoral immune factors all re-
quiresubstantialenergy(Demasetal.,1997b;Spurlock,
1997). Mounting an immune response probably re-
quires resources that could otherwise be allocated to
other functions (Sheldon and Verhulst, 1996). Thus,
it is reasonable to consider immune function from an
ultimateperspectiveofenergetictrade-offs.Individuals
may optimize immune function, and allocate energetic
resources among the costs of immune function and
other maintenance or reproductive functions. Seasonal
changes in immune function are consistent with this
energetic perspective and are probably driven by sea-
sonal changes in energy requirements and availability
(Nelson and Demas, 1996). According to this hypoth-
esis, animals maintain the highest level of immune
function that is energetically possible (without evoking
autoimmune diseases) given the constraints of other
survival needs, growth, and reproduction in an envi-
ronment where energy needs and demands continu-
ously ﬂuctuate. A complete understanding of seasonal
cycles in human immune function requires the consid-
eration of how energetic and other stressors impinge
onimmunocompetence.Animalmodelsillustratethese
relations.
Among domesticated animals reduced food intake
is associated with compromised immune function (re-
viewed in Spurlock, 1997). For example, pro-inﬂam-
matory cytokines, particularly interleukin-1 (IL-1),
IL-6, and tumor necrosis factor (TNF), interrupt an-
abolic processes and alter nutrient uptake and use
(e.g., Grimble, 1994; Johnson, 1997). These cytokines
may also cause the release of glucocorticoids, cate-
cholamines, and prostaglandins, each of which can
modulate metabolism and immune function. Although
pro-inﬂammatorycytokinesarecriticalintheresponses
to infection, an excess of cytokines can damage tissue
and even lead to death. Excess or inappropriate se-
cretion of cytokines has been linked to morbidity in
malaria, sepsis, meningitis, inﬂammatory bowel dis-
ease, and rheumatoid arthritis (Beutler and Cerami,
1988; Waage et al., 1989; Kelley and Dantzer, 1990).
Consequently, a balanced release of cytokines must be
achieved for maximal effectiveness in protecting the
host from infection.
Decreases in ambient temperature impinge on an
individual’s energy budget. Day length and ambient
temperature interact to affect immune function. In
deer mice maintained in long or short photoperiodsP1: FJS
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FIGURE 18 Effects of photoperiod on stress and immune responses. A. Mean total serum IgG of male deer mice
housed in long (16L:8D) or short (8L:16D) days at 20◦Co r8 ◦C for 10 weeks. Humoral immunity (antibody pro-
duction) was impaired by low temperatures in both long- and short-day deer mice, but this effect was ameliorated
by enhanced baseline (20◦C) immunity in short-day deer mice. Symbols indicate value differs from corresponding
20◦C group. B. Corticosterone concentrations of male deer mice housed in long (open bars) or short (dark bars) days
24 hr after treatment with 0 (control), 1, 2, or 3 consecutive daily injections of 2-deoxy-D-glucose (2-DG; 750 mg/
kg). Short-day deer mice ameliorated the glucocorticoid response to glucoprivic stress. Asterisk indicates value dif-
fers from that for corresponding long-day group. C. Splenic lymphocyte proliferative responses to a T-cell mitogen,
concanavalin A (ConA; in absorbance units) of male deer mice housed in either long (top panel) or short (bottom
panel) day lengths and treated with saline (l) or 2-DG for 1 (n), 2 (s), or 3 (u) consecutive days. From Demas and
Nelson (1996); Demas et al. (1997a).
at 20◦C temperatures, serum immunoglobulin G (IgG)
concentrationswereelevatedinshort-day,ascompared
to long-day, mice (Fig. 18A). The increased nonspeciﬁc Fig. 18
IgG concentrations may indicate increased infection or
could reﬂect increased immunosurveillance. Because
sentinelmicehousedinthesameroomswerepathogen-
free, it was surmised that increased IgG concentrations
reﬂected increased immunosurveillance, not infection
(Demas and Nelson, 1996). At 8◦C, long-day deer
mice had reduced IgG concentrations and short-dayP1: FJS
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animals had IgG concentrations comparable to those of
long-day mice at 20◦C; IgG concentrations were higher
in short-day than in long-day mice, and low tempera-
tures signiﬁcantly reduced IgG concentrations. Short
day lengths and low temperatures produce the oppo-
site effects on IgG concentrations, in essence restoring
thevaluestothoseoflong-dayanimals,whichmayhelp
animalscopewiththeseasonalstressofwinterandulti-
mately increase reproductive ﬁtness (Fig. 18A) (Demas
and Nelson, 1996).
The role of energy availability in seasonal changes
in immune function was assessed in deer mice ad-
ministered 2-deoxy-D-glucose (2-DG), a glucose ana-
log that inhibits cellular use of glucose, thus inducing
a state of glucoprivation (Wick et al., 1957). 2-DG is
a metabolic stressor, increasing serum corticosterone
concentrations in male rats (Weidenfeld et al., 1984).
The administration of 2-DG inhibits murine splenic
T-lymphocyte proliferation in a dose-dependent fash-
ion in laboratory mice (Miller et al., 1994). Short day
lengths buffered deer mice against glucoprivic stress.
Inlongdaylengths,corticosteroneconcentrationswere
elevatedinmiceinjectedwith2-DGvssaline;thiseffect
was not evident in short days (Fig. 18B) (Demas et al.,
1997a). The muted response in short days may reﬂect
an adjustment in the negative feedback of glucocorti-
coids on the HPA axis, an action analogous to the en-
hancement of negative feedback of the hypothalamic-
pituitary-gonadal(HPG)axisofrodentshousedinshort
days (Ellis and Turek, 1980). In terms of immune func-
tion, 2-DG was associated with reduced splenocyte
proliferationtoConAinlong-daymice.Splenocytepro-
liferation did not differ among short-day deer mice re-
gardless of experimental treatment; short-day animals
exhibited enhanced immune function and, in response
to 2-DG treatment, splenocyte proliferation was higher
in short- than long-day mice (Fig. 18C; Demas et al.,
1997a).
These data suggest that short day lengths buffer an-
imals against metabolic stress. Reduced corticosterone
concentrations in animals maintained on short days
or treated with melatonin are probably a consequence
of improved metabolic function (Nelson and Demas,
1996; Sinclair and Lochmiller, 2000). Accordingly, en-
hanced immune function in short days is one compo-
nent of the winter adaptation mediated by melatonin.
The expectation is that natural perturbations of energy
associated with pregnancy, lactation, torpor, and hiber-
nationaffectimmunefunctioninpredictabledirections
(Lochmiller and Deerenberg, 2000).
D. Social Organization: Afﬁliation
and Aggression
In many rodent species, there is a shift from highly
territorial asocial behavior during the breeding season
to a social, highly interactive existence during winter.
These species typically undergo reproductive quies-
cence at the end of the breeding season in response
to short days; the resulting decrease in androgen se-
cretion may be necessary for and permissive of the
seasonal shift in sociality, but in wood rats (Neotoma
fuscipes)nonsteroidalmechanismsmediatetheseasonal
change in social behavior (Caldwell et al., 1984). The
seasonal change in social organization confers several
advantages. During the breeding season, rodents con-
trol resources that promote their own survival and that
of their offspring, and they often aggressively exclude
nonkin from access to resources. During the winter,
however, this strategy is abandoned in favor of group
living that conserves energy and enhances survival in
the face of low temperatures and reduced food avail-
ability. Many species of rodents conserve energy during
the winter by forming aggregations of huddling ani-
mals (West and Dublin, 1984). In these aggregations,
different sexes and even different species commingle
(Madison et al., 1984).
Even in the absence of huddling behavior, animals
may tolerate one another better in close quarters dur-
ing the winter than during the breeding season. For
example, male meadow voles are highly territorial
in the spring and summer and occupy open mead-
ows, whereas red-backed voles (Clethrionomysgapperii)
breed in forest habitats. During the winter months,
meadow voles move into the spruce forest habitats oc-
cupiedbythered-backedvoles,presumablytotakead-
vantage of the protective cover provided by the trees.
In some cases, they share nests with other rodent
species(Madisonetal.,1984).Individualmeadowvoles
trapped during the winter and tested in paired encoun-
ters in a small neutral arena exhibited less interspe-
ciﬁc aggression than voles trapped in summer (Turner
et al., 1975). The winter reduction in aggressiveness
permits energy-saving habitat sharing. As the animalsP1: FJS
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enter breeding condition in the spring, they reestablish
mutually exclusive territories.
As discussed in Section VII, some males do not
undergo reproductive regression, maintaining testic-
ular function and producing sperm and androgens
during simulated winter conditions (Nelson, 1987;
Prendergast et al., 2001). The advantages of continu-
ousbreedingcapabilityevidentlyincursubstantialhid-
den costs because only a minority of each population
adopts this strategy. One such cost may be that repro-
ductively competent males, because of unusual aggres-
siveness during the winter, are unable to participate in
communal huddling and thus incur greater energetic
costs in overwintering. High behavioral and energetic
costs associated with the maintenance of the repro-
ductive system in winter may explain why nonregres-
sive types do not normally predominate in temperate-
or boreal-zone populations of rodents (Nelson, 1987;
Nelson et al., 1989). This contention is supported by a
ﬁeld study of winter nesting behavior of prairie voles
(McShea, 1990). Most voles in the population stud-
ied were reproductively inactive during the winter and
formed groups of huddling individuals. Two males,
however, remained in breeding condition and were
never observed to huddle with other animals. In pair-
wise tests of aggression, these two males were much
more aggressive than reproductively quiescent individ-
uals. In another study, reproductive status also inﬂu-
enced odor preferences of meadow voles maintained
in simulated winter day lengths (Gorman et al., 1993).
Males that retained reproductive capability in winter
day lengths preferred the odors of females that also
failed to inhibit reproduction during short days. This
preference may facilitate the sporadic occurrences of
winterbreedingfrequentlyreportedforthisspecies(re-
viewed in Nelson, 1987).
A decrease in circulating androgens associated with
the cessation of reproduction may mediate the increase
inmaleafﬁliativeinteractionsduringwinter;malesthat
maintain summer reproductive status may thereby also
maintain summer patterns of aggression. This hypoth-
esis is supported by the observation that castration re-
sults in decreased aggressiveness. Although the rela-
tion between castration and reduced male aggression is
well established, anecdotal observations of male prairie
voles suggest that low circulating testosterone concen-
trationsarenotsufﬁcienttoreduceaggressivebehavior.
Castrationdidnotreducethefrequencyofmaleaggres-
sion in tests that involved resident–intruder, grouped
aggression, and aggression against a lactating female
interactions (Demas et al., 1999). Similarly, postpu-
bertal castration of male dusky-footed wood rats also
did not eliminate the marked vernal increase in ag-
gression in laboratory encounters with castrated or
gonadally intact opponents (Caldwell et al., 1984).
Aggressive behavior may be independent of gonadal
steroid hormones in some adult male rodents; fur-
ther studies are needed to establish the generality of
the notion that aggression is maintained by testicular
androgens.
E. Brain Development
Seasonal changes in brain weight have been docu-
mentedinrodentsandshrews(e.g.,Clethrionomysglare-
olus,C.rutilus,M.oeconomus,M.gregalis,Sorexauraneus,
and S. minutus; Bielak and Pucek, 1960; Pucek, 1965;
Yaskin, 1984). Brain weights tend to be higher in sum-
mer than winter (Yaskin, 1984). Seasonal variations in
brainweightmaydecreaseenergyexpenditure(Jacobs,
1996).Althoughthebrainconstitutesonly2–3%ofthe
total body mass in rodents, it consumes over 10% of
totalenergyexpenditure.Ithasbeensuggestedthatmi-
nor reductions in brain mass could result in substantial
energetic savings (Jacobs, 1996).
A signiﬁcant part of the seasonal change in brain
weight may be attributable to differences in water con-
tent; however, the neocortex and the basal portion of
the brains (i.e., the corpus striatum) of rodents and
shrews show seasonal cytoarchitectural changes. The
relativeweightoftheforebraindeclinesduringthewin-
ter, the relative weight of the hippocampus increases
from winter to summer, and the relative weight of the
olfactory bulbs, myelencephalon, and cerebellum in-
creases during the winter (Yaskin, 1984). A sex differ-
ence in brain weight is observed among bank voles
(C. glareolus) only during the winter months; male
brains are heavier than female brains at this time. The
absolute and relative weight of the hippocampus is sig-
niﬁcantly higher in males than in females throughout
the year, but the difference is most pronounced dur-
ing the winter (Yaskin, 1984). Meadow voles also show
seasonal changes in brain weight. Photoperiod appears
to organize the seasonal ﬂuctuation in brain weightP1: FJS
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in meadow voles (Dark et al., 1987); males kept in
short-day conditions have lighter brains than long-day
animals.Meadowvolesbornintolongdaylengthshave
greaterbraingrowth(i.e.,morecells)thancohortsborn
in short day lengths (Dark et al., 1990). Furthermore,
long days enhance myelination of both the midbrain
and hindbrain regions of developing male meadow
voles (Spears et al., 1990).
Photoperiodic effects on cell division in the dentate
gyrus and subependymal zone of adult mammals were
reported (Huang et al., 1998). Long-term exposure to
short days in Syrian hamsters doubled the number of
newneuronsproducedinthesebrainregions,aswellas
in the hypothalamus and cingulate-retrosplenial cortex
(Huang et al., 1998). There were no appreciable pho-
toperiodic differences in the brain volume of either the
granule cell layer of the hippocampus or the dentate
gyrus. A potential functional role for these photoperi-
odic effects is described later.
Sex differences in hipppocampal size were evident
in male polygamous meadow voles (M. pennsylvani-
cus), but not in monogamous pine voles (M. pinetorum;
Jacobs et al., 1990). Similar sex differences, but not
seasonal changes, were also reported for eastern gray
squirrels (Sciurus carolinensis; Lavenex et al., 2000). In
bothcases,itwassuggestedthatthelargerhippocampal
complexinmaleswasrelatedtotheirincreasedreliance
onspatialmemoryinforagingandmaintenanceofterri-
tories(Jacobs,1996).Theseresultssuggestthatthede-
velopmental effects of steroids might mediate changes
in hippocampal size. There was, however, no overall
sex difference in hippocampal volume or dentate gyrus
width in wild-captured male and female meadow voles
(Galea et al., 1999). A sex difference in hippocampal
volume emerged if only the males with relatively high
circulating testosterone concentrations (top 50th per-
centile) were compared to females with relatively low
circulating estradiol concentrations (bottom 50th per-
centile) (Galea et al., 1999).
Despite the evidence for seasonal changes in brain
weight in rodents, there has been relatively little
research investigating seasonal changes in learning
among mammalian species (but see Jacobs, 1996).
Voles trapped in winter make more errors and require
longer to learn mazes than do summer-captured voles
(Jacobs,1996);theextenttowhichthisseasonalchange
is mediated by day length remains uncertain.
Certainly, reproductive function diminishes in short
days.Themotoneuronsofthespinalnucleusofthebul-
bocavernosus and their target muscles, the bulbocaver-
nosus and levator ani are sexually dimorphic and con-
trol penile erection in rodents (Breedlove, 1992). Short
days reduce the size and neuronal numbers in these
regions in white-footed mice and Siberian hamsters
(ForgerandBreedlove,1987;HegstromandBreedlove,
1999a).
The interaction of sex and seasonal differences is
complex, but may be important in typical develop-
ment. For example, the androgenic induction of sex-
ual dimorphism in meadow voles proceeds under
long, but not short, days (Kelly, 1993). The slight but
signiﬁcant increases in neurodevelopmental disorders
associated with autumn conceptions may involve sub-
tle interactions among sex steroid hormones, photope-
riod, and brain development in humans (Liederman
and Flannery, 1994).
F . Locomotor Activity
Long-term exposure to short days causes a marked
reduction in daily locomotor activity in castrated
male Syrian hamsters. Hormonal implants that in-
creasebloodtestosteroneconcentrationsrestorewheel-
running activity in hamsters maintained in long days,
but are completely ineffective in short-day animals
(Ellis and Turek, 1983). Short days render hamsters
less responsive to the stimulatory effect of testosterone
on locomotor activity. After 160–200 days in the short
photoperiod, castrated hamsters whether treated with
testosterone or not increased locomotor activity; this
seasonal change coincides with the development of
photorefractorinesss to melatonin and is a steroid-
independent process (Ellis and Turek, 1983). Total
amount of daily locomotor activity in hamsters is mod-
ulated by circulating testosterone concentrations in a
manner that depends on ambient day length.
1. Daily Activity Patterns
Field observations of rodents (e.g., Microtus agrestis,
M. oeconomus, M. montanus, Clethrionomys gapperi, and
C. glareolus) have documented striking shifts in activ-
ity patterns (Fig. 19) (Erkinaro, 1961; Herman, 1977; Fig. 19
Ostermann, 1956; Rowsemitt, 1986) with nocturnal-
ity predominating during the summer and diurnalityP1: FJS
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FIGURE19 Double-plottedwheel-runningactivityrecordofanadultmalemontane
vole prior to and after transfer from long (16L:8D) to short (8L:16D) day lengths. The
animal’s circadian locomotor activity rhythm was primarily nocturnal under long
days, but free-ran (τ>24 hr) coinciding with the photoperiod switch (indicated
by horizontal line) and established a new diurnal phase relationship approximately
1 month after transfer to short days. From Rowsemitt et al. (1982).
during the winter. By constraining the majority of its
locomotor activity to the daylight hours during the
winter, voles can avoid above-ground activity during
the coldest part of the day; likewise, bouts of activity
during summer nights allow the animal to minimize
thermal stress or dehydration (Rowsemitt et al., 1982;
Rowsemitt, 1986).
The seasonal shift in activity patterns in montane
voles is mediated by testosterone. The castration of
montane voles resulted in increased diurnal and de-
creased nocturnal wheel-running activity; this suggests
that decreased testosterone secretion in short days in-
duces the seasonal change in activity patterns. Cas-
trates held in short days and treated with testosterone
increased their nocturnal activity relative to untreated
voles. Despite much individual variation in responses
tohormonetreatment,theresultssuggestthatphotope-
riod is the primarily proximate cue that mediates the
marked seasonal shift in activity patterns by decreasing
androgen secretion (Rowsemitt, 1986). Environmental
cues such as temperature, food quality, and food quan-
tity may also affect activity patterns. Although many
subtle inﬂuences of steroids on the timing of activity
have been reported in other rodent species (Ellis and
Turek,1983;MorinandCummings,1981;Morinetal.,
1977), their functional signiﬁcance remains unknown.
G. Ultrasonic Vocalizations
Individuals of many species of rodents communicate
with one another during sexual or parental interactions
by emitting high-frequency vocalizations. In mice (Mus
sp.), gonadal steroids are important for both eliciting
and responding to ultrasonic vocalizations from con-
speciﬁcs (Warburton et al., 1989). Exposure to short
day lengths increased the rate of ultrasound vocaliza-
tionsinSyrianhamsters(Matochiketal.,1986).Among
gonadallyintactmalehamsterstransferredtoshortdays
andpresentedwithreceptivefemales,theratesofultra-
sonicvocalizationsincreasedasbloodconcentrationsof
testosterone were decreasing (Matochik et al., 1986).
H. Odor Preferences
Individual rodents have characteristic chemical sig-
natures or odors. Generally, individuals prefer familiar,
conspeciﬁc, heterosexual odors (Fortier et al., 1996;
SawryandDewsbury,1994)overunfamiliar,heterospe-
ciﬁc, same-sex odors. In some species, reliance on
chemosensory information for reproductive decisions
is pronounced (Carter et al., 1995). Odor preferences
vary on a seasonal basis. Adult male meadow voles
trapped in the ﬁeld were more aggressive towardP1: FJS
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juvenile males during the ﬁrst part of the breeding
season (May through August) than during the later
months;therewerenoseasonaldifferencesinthemales’
responses to juvenile females (Ferkin, 1988). In con-
trast, adult female voles were more aggressive to juve-
nile males in later than in earlier parts of the breed-
ing season. A seasonal shift in aggressiveness of adult
voles toward juvenile males may facilitate the juveniles’
dispersal, as well as the formation of overwintering ag-
gregations, which typically include more females than
males (Ferkin and Seamon, 1987).
Seasonal shifts in odor preference are affected by
photoperiod and gonadal steroid hormones (Ferkin
and Gorman, 1992; Ferkin et al., 1991, 1992). Long-
day male meadow voles prefer female to male odors,
whereas short-day males show no preference (Ferkin
and Gorman, 1992). The preference of long-day male
voles for female odors was eliminated by castration
and restored by testosterone treatment; odor prefer-
ence among short-day voles was unaffected by castra-
tion, but testosterone treatment induced a preference
for female odors (Ferkin and Gorman, 1992). Short-
day treatments do not abolish responsiveness to arti-
ﬁcially elevated blood testosterone for this behavioral
trait. Unlike the short-day-induced loss of responsiv-
ness to testosterone in hamster reproductive neural cir-
cuitry, substrates that mediate odor preferences in male
voles retain responsiveness to androgens out of sea-
son.Photoperiodalsoaffectsodorpreferencesinfemale
voles. Unlike in males, steroid treatments reverse odor
preferences in gonadectomized females housed in long
day lengths, but are without effect on females housed
in short days (Ferkin et al., 1991; Ferkin and Zucker,
1991). Prolactin and melatonin also inﬂuence the at-
tractiveness of male odors to females (Ferkin and Kile,
1996; Ferkin et al., 1997; Leonard and Ferkin, 1999).
Photoperiod also affects odor perception. In con-
trast to commonly studied rodents, female prairie voles
do not undergo spontaneous estrous cycles; rather,
they are induced into estrus by exposure to chemosig-
nals expressed in conspeciﬁc male urine (Carter et al.,
1995).Seasonalbreedingamongfemaleprairievolesin
the ﬁeld may reﬂect photoperiod-mediated changes in
theresponsivenessofthechemosensorysystemtomale
urine (Moffatt et al., 1995). Responsiveness was as-
sessed by localizing the product of the c-fos immediate-
early gene with an immunocytochemical procedure.
Immunocytochemistry for Fos protein revealed an in-
creased number of immunoreactive cells in the acces-
sory olfactory system of female prairie voles, including
the accessory olfactory bulbs, granule cell layer, and
the medial and cortical divisions of the amygdala, 1 hr
after exposure to a single drop of urine compared to
individuals exposed to skim milk. The number of im-
munoreactive Fos cells induced in the accessory olfac-
tory system of females by conspeciﬁc male urine was
lowerinshort-daythanlong-dayfemales(Moffattetal.,
1995).
I. Hibernation and Daily Torpor
Hibernation is an extreme form of seasonal ther-
moregulation displayed by mammalian species from
several orders (Lyman et al., 1982). It presumably
evolved in response to enduring seasonal food short-
ages and greatly reduces energy expenditure during
winter. A typical rodent hibernator retires to an un-
derground hibernaculum in the autumn and spends
the winter months in a state of deep torpor. Torpor is
not sustained continuously; animals arouse at species-
speciﬁc intervals, which may be as short as 2 days or as
long as 2 or more weeks, reestablish summer-like body
temperatures for several hours, only to descend into
torpor once again (Lyman et al., 1982). The intervals
between successive arousals and the duration of indi-
vidual torpor bouts vary as a function of stage during
the hibernation season, tending to be longest during
the mid-portion (Geiser et al., 1990). True hibernators
reduce their body temperatures from euthermic values
of 37◦C to approximately 1–2◦C above ambient tem-
perature, sometimes, as in arctic ground squirrels, even
slightly below 0◦C (Barnes, 1989). The SCN remains
disproportionately active compared to almost all other
subcortical structures during deep hibernation (Kilduff
et al., 1990) and is implicated in timing of the hiberna-
tion season (Ruby et al., 1996).
Otherspeciesdisplayashallowformofwintertorpor
during which body temperature is reduced from 37◦C
to approximately 15–20◦C for 4–8 hours during the
rest phase of the daily activity cycle (Hudson, 1978).
Thedesignationofthisbehaviorasdailytorporrefersto
the duration of each torpor bout, not to the frequency
of the behavior; most individuals display torpor two to
three times per week during the winter months, andP1: FJS
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many do not undergo torpor at all in typical laboratory
settings.
In Syrian hamsters and Siberian hamsters, seasonal
rhythmsofhibernationandtorpor,respectively,areen-
trained by variations in day length and are displayed
onlyafterprolongedexposuretoshortdaylengths.The
combination of low temperatures and long day lengths
does not elicit these behaviors. In Turkish hamsters
(Mesocricetus brandti) and European hamsters (Cricetus
cricetus), however, a decline in temperature is sufﬁcient
to induce hibernation, irrespective of the ambient day
length,nodoubtbecausethecoldchallengetriggersgo-
nadal regression and decreased testosterone secretion
(Goldman and Darrow, 1987; see below). Exposure to
shortdaylengthsandtheassociatedlong-durationnoc-
turnal melatonin signals predispose several species of
rodents to enter hibernation or to display daily tor-
por. Pinealectomized Turkish and Siberian hamsters
neither hibernate nor display torpor when challenged
withshortdaylengthsandlowtemperatures(Goldman
and Darrow, 1987).
Although melatonin is critical for induction of readi-
nesstohibernate, itis notessentialforthemaintenance
ofongoinghibernationordailytorpor.Thus,melatonin
synthesis and secretion are suppressed during hiberna-
tion in hamsters and marmots (Florant et al., 1984;
Vanecek et al., 1984; Darrow et al., 1987), and Siberian
hamsters that are manifesting torpor bouts continue to
do so for several weeks after pinealectomy (Ruby et al.,
1989).
Hibernation is not dependent on the pineal gland
in ground squirrels (Harlow et al., 1980; Ralph et al.,
1982), even though some relatively subtle changes in
the hibernation pattern are detectable after pinealec-
tomy. The main role of pineal melatonin secretion in
species with Type II rhythms is to transduce the varia-
tions in day length that entrain the hibernation rhythm
to a period of 12 months (Hiebert et al., 2000). Un-
like species with Type I rhythms, melatonin is not an
enabler of hibernation in ground squirrels.
Hibernation and reproduction have long been
viewed as mutually incompatible processes (Wimsatt,
1969). Involution of the reproductive apparatus and
a decline in androgen secretion appear to be precon-
ditions for entry into hibernation by male mammals
(Goldman and Darrow, 1987; Jansky, 1986). Males of
several hamster species treated with testosterone forgo
hibernation, as do hedgehogs (Saboureau, 1986) and
ground squirrels (French, 1986; Lee et al., 1990b).
Increased gonadal activity, speciﬁcally testosterone
secretion in late winter, has been proposed as in-
strumental in terminating hibernation (Wimsatt,1969;
GoldmanandDarrow,1987;Darrowetal.,1988).There
were, however, no signiﬁcant increases in blood testos-
terone concentrations in Turkish hamsters before the
terminal arousal in the spring (Darrow et al., 1987);
nor were plasma testosterone concentrations elevated
priortotheterminalarousalinedibledormice(Glisglis;
Jallageas and Assenmacher, 1983), chipmunks (Scott
et al., 1981), and bats (Racey, 1974). Testosterone con-
centrations did increase in the blood of hedgehogs in
theweeksprecedingtheendofhibernation(Saboureau,
1986).Ingolden-mantledgroundsquirrels,substantial
testicular development begins shortly after the termi-
nal arousal from hibernation; plasma concentrations of
testosteroneatthetimeofterminalarousalarenohigher
than values during the preceding month (Barnes et al.,
1988).Becausesubstratesensitivitytotestosteronedoes
notappeartochangeoverthecourseofthehibernation
season (Lee et al., 1990b), the combined evidence does
notindicatethattestosteroneisinstrumentalinprovok-
ing arousal from hibernation. The principal role of this
hormone,atleastinmalegolden-mantledgroundsquir-
rels, may be to determine whether the animal reenters
torporattheendofanarousalbout.Thisconjecturewas
supported by the observation that male ground squir-
rels that had spontaneously terminated hibernation in
thespring,reenteredhibernationifgonadectomized1–
3 weeks after the terminal arousal (Dark et al., 1996).
A steroid-independent mechanism may control arousal
from torpor at all phases of the hibernation season; in-
creasedandrogensecretionduringtheterminalarousal,
sustained for several weeks thereafter, may be the lim-
iting factor on hibernation (Dark et al., 1996).
Because estradiol was ineffective in terminating tor-
por in male ground squirrels (Lee et al., 1990b), we in-
fer that aromatization of testosterone is not implicated
in hormonal control of hibernation; a direct action on
androgen receptors in the nervous system seems more
likely, at sites yet to be determined. Similar conclu-
sionsapplytoTurkishhamsters(GoldmanandDarrow,
1987).
The control of hibernation differs in male and fe-
male Belding’s ground squirrels (Spermophilus beldingi).P1: FJS
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Femalesdonotobligatorilyabandonhibernationinthe
springataﬁxedcalendardatebutinsteadmonitorsnow
cover and food availability before terminating hiberna-
tion (French, 1988). In light of this observation, it is
interesting that ovarian hormones have not been impli-
cated in timing the end of the hibernation season (Hall
and Goldman, 1982).
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